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ABSTRACT:

This study set out to compare aspects of water use and tolerance to inundation and
drought of two riparian tree species, Platanus occidentalis L. and Salix nigra Marshall. The main
goal of the study was to better understand the two species and assess the suitability of P.
occidentalis for use in riparian restoration. To accomplish this, potted individuals were
subjected to treatments of drought, inundation, or control, under greenhouse conditions, and
separately, in order to estimate water use in trees, season-long diurnal measurements of sap
flux (using Granier type thermal dissipation probes) were determined in situ for trees growing
in a riparian buffer on the Kennesaw State University campus in north west Georgia. For each
species, sap flux responses were examined in relation to light and vapor pressure deficit (VPD).
In order to assess each species’ response to inundation and drought, CO2 assimilation and free
leaf proline concentration were determined from greenhouse treatments, and separately for
individuals growing in the field under natural conditions. Measurements of free proline
concentration were also collected from greenhouse individuals to assess each species response
to a spider mite infestation. Specific leaf area (m2/kg; field and greenhouse) and mean leaf area
(determined as leaf area per meter of branch, m2/m; field only) were also compared. In
addition, the potential propagation of P. occidentalis by stem cuttings was also explored.
Results indicated a possible difference in species water use in response to vapor pressure
deficit, with S. nigra showing a stronger correlation to VPD compared to P. occidentalis.
Differences among species in CO2 assimilation were inconclusive, but species did show
differences in free proline concentration in response to drought and spider mite infestation. For
both (drought treatment and mite infestation) S. nigra had higher free proline values compared
to P. occidentalis. Between species differences were also found for specific leaf area and
average leaf area, with P. occidentalis showing higher values for both parameters.
The initial assessment of results, in combination with known morphology and life history
traits suggest that P. occidentalis is a suitable, and perhaps even an advantageous addition to
restoration of a riparian corridor, and thus, is recommended for use in conjunction with S. nigra
in riparian buffer restoration projects.
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INTRODUCTION:

The purpose of my thesis project was to produce basic research on the physiology of the
riparian tree species Platanus occidentalis L. such that it may help inform restoration of buffer
zones in riparian ecosystems. The emphasis of the study was on the comparative water use
between P. occidentalis and the more commonly planted and more thoroughly studied Salix
nigra Marshall.

Riparian zones:

Riparian buffer zones have long been known to be important to the waterways they
border and the organisms they harbor. These biological and geographical interfaces of the
terrestrial to the aquatic are generally mesic, often hospitable ecosystems, and historically the
birth places of agriculture and urbanization (Adams and Nissen, 1972). There is no habitat type
outside of the oceans that is more diverse in its species composition, energetics, and levels of
interconnection to surrounding habitats than that of a natural and intact riparian corridor
(Naiman et al., 1993). The exceptionally high relative biodiversity of riparian zones can be seen
both regionally and globally. Globally there are well known riparian corridors like the
Mississippi, Nile, Mekong, and Amazon River basins which are prime examples of how entire
geographic regions can be heavily influenced by the health and productivity of these habitat
types. Regionally, regardless of the biome in question, an intact riparian corridor will be more
diverse and have farther reaching and often profound influence on the health and ultimate
survival of surrounding fauna than any other habitat type. For example, in the western United
States, less than 1% of the land area is covered by riparian vegetation, but 51% of the bird
species directly rely on this vegetation for food (Knopf et al., 1988). This biodiversity is not
relegated to a few select riparian sites, but rather it exists as an extensive network of ordinary
creeks, streams, and rivers whose vegetated banks crisscross grassland, forest, and arid
expanses alike while connecting and supporting living communities of different scales (Knopf et
al., 1988). These qualities, along with the visual appeal of these corridors in otherwise grass
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covered or sparsely vegetated land, helped give riparian forest their designation as the “aortas
of ecosystems” (Wilson, 1979). Like the crucial thick-walled artery, there is a potential for
damage at one section of the riparian forest having a disproportionate impact downstream. For
example, studies have shown that the deforestation of relatively small (1 km) stretches of
riparian buffers tend to lower fish diversity in 3rd and 4th order streams by excluding fish that do
not guard eggs or that rely on low sediment, high flow riffles (Jones et al., 1999). The
interconnected nature of these areas and their relatively increased biodiversity point towards
the need for all riparian zones to either be protected or monitored and maintained in a manner
that addresses both the immediate human interest and also other fundamental, long term
ecosystem services they provide. This study was conducted with the intention of better
understanding the native riparian species, P. occidentalis, which has the potential to be used in
restoration of riparian areas in the Southeastern United States. In the Southeastern US, the
natural state of most riparian corridors is that of bottomland forest and flood plains (Knop et
al., 1988; Sweeney, 1992), and the intent of restoration efforts should be to restore disturbed
buffers to this natural steady state.

Urban encroachment, trees and riparian buffers:

Precipitation has an erosive effect on soil across an entire watershed but these effects
are amplified in riparian areas as they are subjected to increased volumes of accumulated
water. In urban areas, riparian zones can be under increased erosive pressure as the amount of
surface runoff is positively correlated with an urban area’s impervious surfaces (Arnold and
Gibbons, 1996; Booth et al., 2002; Goetz et al., 2003). Although they are subject to increased
erosive pressure, urban riparian areas are often disturbed and even displaced by construction
to accommodate buildings and roadways, as well as to manage storm water runoff. The everincreasing urbanization of the greater Atlanta metropolitan area (ARC, 2009), coupled with
recent (10 year) climate trends that have included warmer, dryer conditions, punctuated by
high volume short duration precipitation events, (Peterson et al., 2013) are putting
considerable stress on the regions’ lakes, rivers, and streams, and the ecosystems they house
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(Palmer et al., 2008; Palmer et al., 2009; Booth et al., 2002). Stressors to riparian systems
include, but are not limited to, decreases in annual water input with simultaneous increases in
sediments and pollutants. Much of the non-point source sediments and pollutants are carried
into fresh water systems along with surface runoff, the amount of which is positively correlated
with an urban area’s impervious surfaces (Arnold and Gibbons, 1996; Booth et al, 2002). It is
generally accepted that the amount of sediment and other pollutants entering into a body of
water can negatively impact its aquatic habitat and in some cases redirect flow and lower mean
water depth (Novotny, 1988; Harmel, 1998; Wenger, 1999; Lakel et al., 2010). Adequately sized
and properly vegetated riparian buffers are recognized for their ability to slow surface runoff
and mitigate the amount of sediment and other pollutants entering into a body of water (Davis,
1995; Lakel et al., 2010, Booth et al., 2002; Munné, 2003; Teels et al., 2006). For this reason and
others, riparian buffer zones are now more routinely identified to be protected or rehabilitated
(Mayer et al., 2005).
In order to mitigate erosion, the Georgia Environmental Protection Division (GA EPD)
recommends addition of aggregate to hold in place stream banks exposed to the currents, but
even the placement of rock along streams is not a permanent impediment to bank erosion if
there is soil beneath the rock (GA EPD, 2011). Protection and rehabilitation of stream banks
often consists of replacing grasses and trees that have been disturbed due to urbanization or
agriculture with the equivalent native species as part of mitigation efforts to help stabilize the
new or recently modified riparian zone (Harmel, 1998; Wenger, 1999; Lee et al., 2000;
Groffman et al., 2003). Although every level of riparian vegetation is important and warrants
consideration whenever a riparian buffer is disturbed, this study focused on riparian trees
whose canopies dominate the riparian forest and whose health and presence in many ways
dictate the health and integrity of the riparian corridor, both biologically and hydrologically.
Trees growing in an area provide shade that keeps water temperatures under tree
canopies lower than that of unshaded surrounding areas. Riparian tree canopies slow air
movement and shade the air beneath them, further reducing convective heat transfer from the
air to the water (Davis, 1995; Chen et al., 1999; Carlson and Arthur, 2000; Groffman et al., 2003;
MEA, 2011). Temperature fluctuations, or temperature spikes, in bodies of water can
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contribute to deoxygenating events which have been shown to negatively impact fish and
aquatic invertebrate populations (Matthews and Berg, 1997; Booth et al., 2002). The micro
climate created by tree canopies can provide habitat for and facilitate establishment of a wide
variety of understory plants and also many insects that would otherwise be too vulnerable to
abiotic stressors such as direct sunlight and desiccating winds (Chen, 1991). Not only do trees
amend habitat by creating shade and refuge from wind, but the trees themselves often provide
habitat in the form of food, building supplies, and shelter sites (Stauffer and Best, 1980; Barton,
1985; Munne, 2003). Canopy forming trees are essential to a vast number of mammals and bird
species, the latter utilizing them as nesting sites. The food resources that riparian trees provide
support local organisms as well as those far removed from the body of water they surround,
and because of the water resources available to riparian trees, they may yield larger volumes of
fruit and litter (Stauffer and Best, 1980; Barton et al., 1995).
Tree litter contributes organic matter to their surroundings as well as nutrients from
decomposing fruit, leaf, and limb debris (Peterson and Cummins, 1974; Gessner and
Schwoerbel, 1989; Thornton et al., 1998). This litter covers and insulates the soil by creating
pockets of dead air space which again stabilize temperature and help retain moisture. This
moderating effect increases stability in soil microbe communities, some of which contribute to
major ecosystem services such as nitrogen cycling, plant health (mycorrhizae) and detritus
breakdown (Peterson and Cummins, 1974; Gessner and Schoerbel, 1989; Hedman et al., 1996;
Thornton et al., 1998).

Riparian restoration and tree type:

There is a great deal of genetic and morphological variation across various tree species.
It is known that species of trees vary in their rooting depths, habits, and strengths as well as
their transpiration (water use) rates, gas exchange rates and their response to environmental
conditions such as drought and flooding (Hsiao, 1973; Hsiao and Acevedo, 1974; Allen and
Pearcy, 2000; Simon and Collison, 2002; Gebauer et al., 2008). This variation implies that
various tree species may interact differently within a given area with respect to how they
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acquire resources and contribute to environmental services. The ecosystem services being
rendered by a particular tree are dependent on environmental stressors, such as inundation
and drought tolerance, and thus the abiotic conditions of each site should be considered when
restoring a riparian buffer (GA EPD, 2011).

Mechanical and hydrological soil stability:

To replace water lost by transpiration, trees take up water from surrounding soils with
their roots (Simon and Collison, 2002; Greenwood et al., 2004; Ford and Vose, 2007; Pollen,
2007; Shields et al., 2009; Hernandez-Santana et al., 2011). This dewatering of soils by roots,
along with the interception of precipitation by tree canopies and leaf litter, helps reduce the
amount of moisture in the surface soil and avoid saturation conditions which accelerate erosion
and the uprooting of trees (Gray and Leiser, 1982; Sanders, 1986; Katul et al., 1997; Carlson and
Arthur, 2000; Simon and Collison, 2002; Pollen, 2007; Shields et al., 2009; Pollen-Bankhead and
Simon, 2010; Hernandez-Santana et al., 2011; GA EPD 2011). Although tree water use is not as
broadly recognized as the mechanical stability imparted by its roots, a tree’s hydrological
effects are still important to stream and river bank stability (Simon and Collison, 2002;
Greenwood et al., 2004; Pollen-Bankhead and Simon, 2010; Hernandez-Santana et al., 2011).
However, the hydrological effect of trees on soil is much harder to quantify than the
mechanical effect of their roots (Gray and Leiser, 1982; Simon and Collison, 2002; PollenBankhead and Simon, 2010; Hernandez-Santana et al., 2011).
Although all vascular plants provide important ecosystem functions regarding water
movement and soil stability, trees may have the most effective morphology for such functions
(Asbjornsen et al., 2014). In riparian zones, which receive storm water runoff and generally
have higher soil moisture content than surrounding areas, dewatering and the retention of soil
is particularly important (Simon and Collison, 2002; Hernandez-Santana et al., 2011; GA EPD,
2011; Asbjornsen et al., 2014), and trees growing here play a strong role in these functions
(Sheilds et al., 2009; Hernandez-Santana et al., 2011). However, soil dewatering also has
implications for local water budgets, because it can decrease stream flow as well as ground
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water availability. This effect is more pronounced in dryer climates (Horton et al., 2001;
Hernandez-Santana et al., 2011; Dye and Versfeld, 2007). The extent to which tree species
impact the hydrology of a riparian system will depend, in part, on the extent of their water use
or sap flux, and due in large part to differences in physiology and morphology, tree species vary
greatly in their rates of water use (Lu et al., 2004; Ford et al., 2004; Gerbauer et al., 2008;
Hernandez-Santana et al., 2011). A study by Hernandez-Santana et al. (2011) found large
variability in sap flux among five riparian species and concluded that “more information is
needed on water use patterns among diverse species growing under different climatic and
biophysical conditions to assist policy and management decisions regarding effective buffer
design” (Hernandez-Santana et al. p. 1415).
In order to address this issue of the water use patterns of riparian trees, this study
looked at two riparian species native to the Southeastern US and common in this area:
Platanus occidentalis L. (American sycamore) and Salix nigra Marshall (black willow). Although
both of these species are ecologically and commercially important, there is a disproportionate
amount of literature available for each of them. Whereas there is a large body of research on S.
nigra and other members of the genus Salix, the American sycamore and the Platanus genus as
a whole have received less much attention.

Study species:

Salix nigra Marshall, (black willow, swamp willow):

Species Description:

Salix nigra is a medium sized tree with simple lanceolate leaves born on slender whip
like branches. It is a dioecious species, and the male with female individuals bare their flowers
in catkins in late winter/early spring. S. nigra is wind pollinated and both male and female
flowers are reduced and lack a corolla. Seeds are viable as quickly as 45 days from pollination
and are carried by winds and streams with the aid of silk-like extensions. They need moist,
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sunlit soils to succeed and need to germinate during the first growing season as they do not go
dormant. S. nigra is an early succession tree and often grows in dense, even aged stands
(McLeod and McPherson, 1973). Salix is common in many temperate woodlands and grasslands
and is the dominant woody genus in some arctic and sub-arctic biomes (Collinson, 1992;
Anderson et al., 1994). In arid environments it is restricted to riparian areas (Argus, 2007). Salix
as a genus appears in the fossil record in the late Eocene and evidence indicates it has occupied
riparian environments since early in its history (Collinson, 1992). The Salix genus is the type
genus of Salicaceae which contains almost 60 genera and is well represented across the globe.
S. nigra is one of about 400 species in the genus Salix.

Ecology:

Salix nigra is a common dominant tree species in riparian zones for areas of the United
States east of the Great Plains and south of the Great Lakes (Little, 1979). Flowers are produced
in spring and capsules ripen quickly (45-60 days), after which the seeds are dispersed by wind
and water with the help of a hairy coating (Pitcher and McKnight, 1990). With no stratification
requirements, seeds germinate quickly and will grow in almost any soil type. However due to a
shallow root system S. nigra must have access to regular water to persist (McKnight, 1965).
Seeds germinate and grow rapidly in disturbed sites with moist full sun environments, helping
to make S. nigra an important native riparian species that contributes to bank stability and can
re-colonize altered or otherwise disturbed riparian zones (McKnight, 1965; Siegel and Brock,
1990). This species does best when roots are at or below the water table and is not damaged by
inundation or root silting (McKnight, 1965). It is commonly planted for stream remediation or
stream bank stabilization (Pitcher and McKnight, 1990). S. nigra is a short lived (average life
span of 55 years), medium to large tree, (~ of 20 m) (McKnight, 1965). Because S. nigra is not
tolerant of being shaded, it is unlikely to become established in the absence of exposed
sediment and is often out competed by other forest trees in the absence of a disturbance
(McKnight, 1965).
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Economic importance:

Salix nigra is well represented in riparian zones and other moist areas across the eastern
US. Its range extends into Canada and parts of northern Mexico (Duncan and Duncan, 1988).
Although not coveted for lumber, this species is commonly planted as a bank and soil stabilizer
in disturbed wetland areas or riparian areas subject to increased flow. Its ecology, including
flood tolerance and especially its capacity to reproduce asexually, has led to its prominence in
this role. This species is capable of vegetative reproduction from root stocks or branches that
contact the ground. In cultivation, reproduction is almost solely from vegetative cuttings
(Pitcher and McKnight, 1990). Cut stem sections reliably send out roots when placed in soil
allowing for rapid and relatively inexpensive re-vegetation as well as a manner of planting
resistant to flooding and high stream flow. Most famous as a source of salicylic acid (aspirin)
which has also been utilized in products such as facial cleansers, dandruff shampoo, rooting
hormones, and even gun powder (Seton, 1912; Kähkönen et al., 1999). The species S. nigra has
also been utilized for its strait grained, light weight wood, but it is considered un-durable and is
relegated to crates or pulp. It is rarely cultivated specifically for these purposes, but it is sister
to the genus Populus, which is crucial to the pulp industry (Hamzeh and Dayanandan, 2004; Day
and Vogel, 1944).

Platanus occidentalis L. (American sycamore, plane tree, buttonwood).

Species description:

Platanus occidentalis is a large deciduous tree with wide palmate leaves and exfoliating
bark. Being wind pollinated, both male and female flowers are reduced and lack perianth parts.
It flowers in spring, is monoecious, and produces globose heads of unique male flowers
consisting of peltate stamens on the same branches as its female flowers. Its female flowers,
like the males, are born in globose heads and consist simply of numerous apocarpus ovaries
with red styles, which, if pollinated, give rise to conspicuous rounded clusters that gave the tree
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the name of buttonwood. Fruits are achenes that ripen in November and disperse through the
winter months. The achenes have basally attached hairs that aid in wind and water dispersal.
The single most recognizable feature of P. occidentalis is its white and often mottled bark. P.
occidentalis is the largest growing deciduous tree in its range and is known to live 200 and even
300 years. Although somewhat shade tolerant, it prefers high light and grows quickly from seed
in moist, disturbed areas (Wrus and Touveng, 1987; Wells and Schmiting, 1990).
P. occidentalis is one of seven recognized species in the genus Platanus, or “plane tree,”
so named for this group’s broad flat leaves. Platanus is an ancient genus with a fossil record
dating back to the lower Cretaceous (Feng et al., 2005). The genus Platanus consists of a group
of woody trees in the family Platanaceae and is that family’s only extant genus. The
Platanaceae are found throughout temperate North America and in Eurasia from the Iberian
Peninsula to the Western Himalayas. A smaller evergreen species is also found in the rainforest
of South East Asia. Naturally occurring species along with recently hybridized cultivars of
Platanus are favored for their tolerance of urban areas and their range has extended as a result.
The family’s closest living relatives are found in two different families: the Proteaceae and the
Nelumbonaceae. The Proteaceae is a family of trees and shrubs that are found in the tropics
and the Southern Hemisphere. The Nelumbonaceae, the water lily family, is native to East Asia
and temperate North America east of the Rocky Mountains (Chase et al., 1993). These two
families along with Platanaceae, make up the order Proteales and are considered to be basal
eudicots (Savolainen et al., 2000; Moore et al., 2010).

Ecology:

P. occidentalis is a common dominant tree species in riparian zones for areas of the
United States east of the Great Plains and south of the Great Lakes (Wrus and Touveng, 1987;
Stromburg, 2001). Flowering in the spring, P. occidentalis seeds ripen over the summer and
remain on the tree over winter after which their winged achenes are dispersed with wind and
water (Wrus and Touveng, 1987). These seeds germinate and grow rapidly in disturbed sites
with moist, full sun environments (Wrus and Touveng, 1987). Although P. occidentalis is an
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important native riparian species that contributes to bank stability and stream shading (Hosner,
1960; Henderson and Jose, 2005) and can re-colonize altered or otherwise disturbed riparian
zones (Siegel and Brock, 1990), it is rarely planted for stream remediation or stream bank
stabilization.

Economic Importance:

P. occidentalis is considered one of the most efficient species for a short rotation woody
crop (SRWC) (Henderson and Jose, 2005; Steinbeck and Brown, 1976; Steinbeck and Haywood,
1999). These crops are major contributors to the paper pulp and biofuel industry (Henderson,
and Jose, 2005; Steinbeck and Haywood, 1999). In one study comparing P. occidentalis SRWC
plantings to no till herbaceous crops, it was found that mean sediment loss per unit of area was
reduced by nearly threefold within the first year of the planting of these trees (Thornton et al.,
1998). Not only does its root structure lend itself to soil retention and bank stabilization, its
ability to re-sprout from stumps means that these roots do not have to be disturbed after every
harvest because re-sprouting eliminates the need to dig holes to plant new trees (Raper et al.,
1992; Thornton et al., 1998; Steinbeck and Haywood, 1999). This species is being recommended
and used more frequently in a SRWC role because P. occidentalis is also a rapid growing low
maintenance tree (Steinbeck and Haywood, 1999; Henderson and Jose, 2005; Dickmann, 2006).
This tree species has proved very productive as a SRWC in field trials, but currently it is planted
less frequently than Populus cultivars due in large part to tradition and the ease of planting
Populus hardwood cuttings (Devine et al., 2004; Dickmann, 2006). Our study has found that P.
occidentalis also roots successfully from cuttings. However, when cuttings used in planting
come from a single or a few original individuals, genetic variability may be reduced compared to
new populations that start from seed. Diseases and pest in cloned mono crop forests can
impose large losses in production and even loss of the crop itself (Dickmann, 2006; Mala et al.,
2012). Because seeds of P. occidentalis have relatively high longevity (25 months) and require
only simple chilling as the stratification requirement (Siegal and Brock, 1990), it is our belief
that a small increase in labor involved in seedling rearing over the production of stem cuttings
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could prove to be worthwhile, given that as the genetic diversity of a seed grown population is
intrinsically more resistant to disease and pests than a population of genetically identical
individuals regardless of the plant species (Dickmann, 2006; Mala et al., 2012). Management
options involving this species in its home range may allow foresters, farmers, and property
owners to make financially sound use of riparian areas by utilizing a native species for
reforestation (Devine et al., 2004). Along with other species in the Platanus genus, P.
occidentalis is generally considered to be tolerant of pollution and is often planted in parking
lots, parks, urban centers, and other non-riparian environments. This regional and ecological
flexibility make this tree a candidate for almost any planting in which a large deciduous tree is
needed. P. occidentalis is also on the EPA’s list of suitable plants for riparian remediation, but
the EPA has not specifically mentioned nor recommended the planting of Sycamores for the
purpose of enhancing or remediating riparian buffers (EPA Handbook, 2012; NB RD Manual,
2003).

Potential benefits of P. occidentalis in riparian corridors:

P. occidentalis’ root system:

Plants create a below ground architecture with their roots that resists soil and sediment
erosion (Simon and Collison, 2002; Greenwood et al., 2004; Pollen, 2007; Pollen-Bankhead and
Simon, 2010; Hernandez-Santana et al., 2011). Rooting networks create an interlocking set of
reinforcements within the soil that resist being pulled away and thereby significantly enhance
soil stability (Simon and Collison, 2002; Greenwood et al., 2004; Boyd and Svejcar, 2009). A root
is able to resist pulling from substrate because of friction between the surface of the roots and
the substrate and the adhesion and cohesion to water in the soil (Simon and Collison, 2002;
Greenwood et al., 2004; Pollen, 2007; Pollen-Bankhead and Simon, 2010). The resistance, along
with a roots’ tensile strength, confers the increase in stability when compared to non-vegetated
soils (Collison and Anderson, 1996; Simon and Collison, 2002; Pollen, 2007; Boyd and Svejcar,
2009). P. occidentalis is specifically acknowledged for its contribution to stream bank stability
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(Hosner, 1960; Wells and Schmiting, 1990; Henderson and Jose, 2005). A study quantifying the
mechanical effects of vegetation on stream bank stability found P. occidentalis roots to have
the greatest tensile strength of four species tested (Simon and Collison, 2002). Platanus
occidentalis is also known to help retain soil with its extensive and even aggressive root systems
which can spread quickly seeking out water (Steinbeck and Brown, 1976; Steinbeck and
Haywood, 1999). The tree is known to root laterally, sometimes above ground, in dense mats,
and its roots are sometimes mistakenly described as fibrous (Wrus and Touveng, 1987;
Steinbeck and Brown, 1976; Gillman and Watson, 1994; Steinbeck and Haywood, 1999). P.
occidentalis quickly establishes its dense root system, and in one study was shown to produce a
greater increase in soil carbon content in the upper 60 mm than other no till crops after 3, 4
and 5 year trials (Devine et al., 2004). The amount of carbon in surface soil has been shown to
significantly contribute to erosion resistance and is a representative measure of vegetation’s
contribution to soil retention (Franzluebbers, 2002). In another study looking at erosion and
agriculture, P. occidentalis’ somewhat shallow rooting habit aided in its ability to retain surface
soils as well as reduce the sediment load in runoff (Steinbeck and Haywood, 1999).

P. occidentalis’ contribution to shading:

Along with contributing to soil stability, trees also help to stabilize temperature and
moisture beneath their canopies. P. occidentalis is a fast growing deciduous tree prized for its
shade and is often planted in urban areas to reduce surface temperatures as well as for the
visual aesthetic it provides (Gillman and Watson, 1993; Wells and Schmiting, 1990; NB RD
Manuel, 2003). P. occidentalis has a relatively high leaf area index (LAI) compared to
cottonwood or cherrybark oak under various light and irrigation regimes (Henderson and Jose,
2005), implying its canopy is denser and able to intercept or reflect light better than trees with
lower LAIs (Jordan, 1969). In fact, the canopy of P. occidentalis has been calculated to be 50%
denser than the commonly planted Salix nigra (Henderson and Jose, 2005). Along with a high
LAI the potential for shade from this species is derived from its size. P. occidentalis is among the
largest trees in eastern North America, and typically reaches heights in excess of 75 m and
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produces canopies that are equally wide (Wrus and Touveng, 1987). It is also long lived, capable
of surviving for 200 and even 300 years. The diameter of the tree at breast height can
commonly reach 3 m, and specimens as much as 4 m in diameter are noted in the historical
record (Luthringer, 2007).

P. occidentalis’ contribution to organic matter:

Along with shade, the large size and high LAI of P. occidentalis has implications for the
amount of leaf litter and large woody debris produced. As a large and rapid growing tree, P.
occidentalis contributes significantly to soil and stream organic matter (Peterson and Cummins,
1974; Gessner and Schwoerbel, 1989; Thornton et al., 1998). It has been shown to be the major
contributor of litter in some Southwestern US riparian zones and has a tendency to hold its
leaves after they have senesced resulting in an extended time frame over which leaves fall
(Gillman and Watson, 1994; Schade and Fisher, 1997). There is indication that Platanus leaves
decompose slowly, thereby extending the period of time that this leaf litter can amend habitat.
Platanus acerfoilia leaves were shown to be the most “recalcitrant” leaves in a British riparian
area and tended to persist through multiple layers of litter (Baldy et al., 1995). In riparian areas
that are at high risk of erosive damage, this litter can help to slow sediment inundation of the
waterway and add to the soil matrix itself (Gessner and Schwoerbel, 1989; Cadisch and Giller,
1997).

P. occidentalis’ wildlife interactions:

Along with stabilizing soil, temperature, and moisture beneath their canopies, Platanus
occidentalis also provides shelter and nesting sites to wildlife. Larger P. occidentalis individuals
may develop cavities that are utilized for shelter by many animals, including insects, mammals
and birds. One species of interest is the wood duck (Aix sponsa), which seeks out hollows in the
branches and trunks of trees (EPA Handbook, 2012; NB RD Manuel, 2003). The high open
branches of this tree are ideal nesting sites and often utilized by birds and squirrels (Wrus and
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Touveng, 1987; Powell and Stiedl, 2000). In a 2000 study of several Southwestern US riparian
zones, 41% of all visible nests were found in P. occidentalis trees (Powell and Stiedl, 2000). The
red-shouldered hawk (Buteo lineatu) and pileated woodpecker (Dryocopus pileatus) are also
known to prefer this tree for brooding their young (Stewart, 1949; Conner and Adkisson, 1976).
The leaves, twigs, bark, and achenes of Platanus have been found in the nest of many rodents,
hedgehogs (Erinaceus europaeus) and Montezuma quail (Cyrtonyx montezumae) (Wallmo,
1954; Gentry and Smith, 1968; Morris, 1973). The role of P. occidentalis as shelter may
outweigh its role as a food source, but there are animals that rely on this tree for nutrition. The
seeds of the species are eaten by several wild birds, including gold finches, chickadees, purple
finches, and dark-eyed juncos. Squirrels have been observed removing the bark and eating the
vascular or cork cambium layers of the tree (NB RD Manual, 2003). Also, the leaves of trees in
the Platanus genus are a food source of several Lepidoptera larva, some of which are even
considered pests of Platanus in cultivation (Solomon, 1988). Although these insect larvae may
frustrate people growing P. occidentalis for ornamental reasons, insects themselves are
important sources of food to other local fauna.

P. occidentalis’ adaptation to fluctuations in water availability:

P. occidentalis is tolerant of both flooding and drought, and grows best in moist sunlit
areas (Hosner, 1960; Jones et al., 1999; Stromberg, 2001; Henderson and Jose, 2005). The
morphology of P. occidentalis is well adapted to riparian areas (Gilman and Watson, 1993; Wrus
and Touveng, 1987, Wells and Schmiting, 1990) and has some specific physiological traits that
may help it survive in areas prone to flooding. Surface rooting habits and hypertrophied
lenticels may help the roots obtain oxygen during times of inundation (Tang and Kozlowski,
1982; Gilman and Watson, 1993; Gilman and Watson, 1994; Kozlowski, 1997). P. occidentalis, as
well as some other woody species, has also been shown to absorb O2 gas through ample
lenticels in its woody epidermis and transport this oxygen to its roots via the phloem. This
translocation of oxygen to the roots appears to be a survival adaptation for coping with
inundated anaerobic soils (Tsukahara and Kozlowski, 1985; Kozlowski, 1997). This species also
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has the ability to produce adventitious roots in response to flooding which can help stabilize the
tree as well as obtain oxygen (Tsukahara and Kozlowski, 1985; Kozlowski, 1997). Although
certainly considered tolerant of flooding, the effects of soil inundation appear to be generally
deleterious and include the slowing of growth, leaf senescence, and growth retardation and
even death of seedlings (Wrus and Touveng, 1987; Kozlowski, 1997). P. occidentalis is also
considered drought tolerant and has been grown successfully under many moisture conditions,
including frequently droughted areas such as slopes and parking lot islands (Wells and
Schmiting, 1990; Kozlowski, 1997; Pataki et al., 2011). This drought tolerance could be related
to its extensive root system and hirsute leaf surface, but this drought resistance has only been
observed and has not been explained by research.
By exposing roots to water saturated with CO2 (carbonated DI water), researchers were
able to show an increase in root CO2 levels, followed by an increase in xylem sap CO2 and finally
an increase in leaf level CO2 (Teskey and McGuire, 2005; Teskey and McGuire, 2007). This
observed rise in CO2 levels across the tree in response to CO2 added at the root level implies the
ability for this species to transport and utilize CO2 from respiration for photosynthesis (Teskey
and Mcguire, 2005; Teskey and McGuire, 2007). This effect has been shown in some other
woody species, implying yet another level of efficiency in nature (Levy et al., 1999).

P. occidentalis’ research gaps:

Compared to S. nigra, there is limited information available regarding the physiology of
P. occidentalis. Previous studies have looked at responses in P. occidentalis to natural and
simulated flooding events and in general have found negative effects of flooding on growth
(Tang and Kozlowski, 1982). This raises questions as to why this species is found colonizing and
dominating riparian ecosystems in such a broad geographic range (Tang and Kozlowski, 1982;
Wells and Schmiting, 1990). Studies have also found morphological and physiological responses
in seedlings of P. occidentalis to flooding, such as hypertrophied lenticels, the emergence of
adventitious roots from the base of the stem, and ethylene gas production (Tang and Kozlowski,
1982). Looking at responses of P. occidentalis to inundation under controlled conditions along
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with its more thoroughly researched co-existing species S. nigra could lead to a better
understanding of how P. occidentalis has been so successful in establishing itself in wet
environments. Also, the comparison may help inform and shape its potential use in future
restoration programs, as S. nigra is currently among the most frequently used species for this
function.
Contradictions are also found in the literature in terms of the species’ response to
drought. For example, a study that looked at sycamore’s response to drought under elevated
CO2 found that drought reduced carbon fixation (Tschaplinski and Norby, 1991). Although in
that study drought conditions lessened growth and induced stress, P. occidentalis is generally
considered to be drought tolerant (Wrus and Touveng, 1987; Wells and Schmiting, 1990;
Tschaplinski and Norby, 1991). Despite the value of water use data for understanding Platanus’
potential for mitigating riparian disturbances, actual water use data appears to be absent from
the ecological or life history studies of the species (Hosner and Leaf, 1962; Henderson and Jose,
2005; Pataki et al., 2011). This researcher has found no literature to date on rates of in situ
water use for Platanus occidentalis.

Response variables:

Sap flow:

Sap flux was determined using the thermal heat dissipation probe (TDP) method. The
TDP method has been frequently used to estimate velocity and volume of water used by trees
(e.g. Granier, 1987; Goldstein et al., 1998; Braun and Schmid, 1999; Meinzer et al., 1999; ReyesGarcia et al., 2012). This method relies on inserting two probes into the trunk of a tree, one of
which is heated while the other is not, and measuring the difference in temperature between
the two probes. From this temperature difference, the sap flux can be estimated using an
empirically derived formula (see below) (Granier, 1985; Lu et al., 2004). This technique has
been shown effective in a variety of vascular plants ranging from annual herbs to perennial
trees (Wilson et al., 2001; Wullschleger et al., 2001; Cohen et al., 2006; Lu et al., 2004) and has
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allowed scientists to better understand sap flux and water use across a broad range of vascular
plants. Studies focusing on the use of Granier’s TDP method for determining sap flux indicate
that the method is best used to compare trees of similar xylem structure (porosity) such as our
two species. Furthermore, the equations developed by Granier correspond more closely to
actual sap flux in plants with diffuse porous xylem (Bush et al., 2008, Bush et al., 2010). This
method has been used frequently to obtain stand level transpiration rates and estimates of the
water budget for an area (e.g. Pataki and Oren, 2003; Reyes-Garcia et al., 2012). Although
indirect methods of measurement most likely have potential for error or bias, the similarity in
xylem structure between species should allow for a fair comparison of sap flux between P.
occidentalis (diffuse porous) and S. nigra (semi diffuse porous) (Bush et al., 2008). This method
has been used to discern differences in sap flux that have been correlated to tree age (Delzone
et al., 2004), xylem structure (Lu et al., 2004; Andrade et al., 2005; Phillips et al., 2006;
Gerbauer et al., 2008; Reyes-Garcia et al., 2012), C3 and C4 photosynthesis (Caird et al., 2007),
planting densities (Pataki et al., 2011), community structure, stomatal conductance (Oren et al.,
1997; Pataki et al., 1998; Meinzer et al., 1999; Oren and Pataki, 2001; Wulsheger et al., 2001),
and time of year (Oren et al., 1998; Ford et al., 2004). Our study has used Granier’s TDP
technique to relate variations in sap flux to changes in atmospheric conditions (relative
humidity and vapor pressure deficit), light (photosynthetic photon flux density), and time of
year (summer and fall).
Granier’s method of sap flow measurement relies on a set of two probes containing
thermocouples placed in line with the sap flow and separated vertically by 10 cm. The upper
probe is heated and the lower probe serves as a reference temperature. The thermocouples in
the probes measure the temperature difference between them (ΔT) and this information may
be continuously (or at set time intervals) recorded by a data logger. When xylem sap is flowing,
convective heat transfer cools the heated probe and lowers ΔT; therefore the maximum
difference in temperature (ΔTM) is correlated to zero flow. Values of ΔT and ΔTM are converted
into a dimensionless value K such that:


∆  ∆ 
∆

(1)
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The amount of heat dissipated from the heated probe at any given time can be
quantified using known relationships between the amount of thermal energy input to the
probe, the surface area of the probe, and the rate of conductive heat loss attributed to xylem
sap. The flow velocities (v) and sap flux densities (Fd) were determined by Granier (1985) in
controlled laboratory experiments using set amounts of equal molar solutions and probes
placed in equal length segments of excised wood representing various common vascular
morphologies (diffuse porous and ring porous) and related to K in the equation:
v  119 10 

.

(2)

The velocity reported is approximately equal to flux density, as cm/s of velocity can be
seen as equal to ml/s of flow across one cm2 cross sectional area of xylem. Because xylem sap is
a low molar, aqueous solution, its density is assumed to be 1 g/ml and thus the flux density can
be seen as 1 g/cm2/s. When probe size, resistance and wattage are consistent with Granier’s
experimental design, the above formula (2) may be used to estimate sap flow velocity (Granier,
1985; Lu et al., 1994). The above equation (2) is sometimes shown as K =0.0206 v 0.8124 (as K is
the actual measurement taken).

CO2 Assimilation:

Gas exchange (CO2 assimilation) is a quantitative variable that is indicative of general
plant vigor and is strongly correlated with growth (Gale, 1975; Farquhar et al., 1980; Von
Caemmerer and Farquhar, 1981; Hollinger, 1987; Kosugi et al., 2003). Gas exchange rates
collected with the Licor photosynthesis systems have been used as a response variable for P.
occidentalis and other trees when looking for effects from nitrogen treatments, irrigation
treatments (drought/flood), specific leaf area, (Ogren, 1993; Tschaplinski et al., 1995;
Henderson and Jose, 2005), chlorophyll concentrations, (Adams et al., 1990). Carbon dioxide
assimilation (A) in this study was measured using a Licor 6400 photosynthesis system. The Licor
6400 is able to deliver precise rates of CO2 and light to a confined area of leaf blade and uses an
infra-red gas analyzer (IRGA) to determine the amount of CO2 that is assimilated by the leaf. It is
equipped with a non-invasive chamber that seals around a fixed area of a leaf and delivers a
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fixed concentration of CO2. By knowing the CO2 concentration of the inlet air and measuring
CO2 concentration in the outlet air, the amount of CO2 absorbed can be calculated on a per unit
area basis. Different chambers may be used to determine CO2 assimilation under either fixed
light conditions (a chamber with an LED light source that allows experimenter control over the
amount of light delivered) or a clear chamber to measure assimilation under ambient light. In
order to determine if species differ in their maximum CO2 assimilation rates (Amax), standard
light curves were built for each species. By comparing assimilation rates to corresponding light
intensity, a light curve is created that shows important metabolic information including the
amount of respiration in the absence of light, the amount of light needed for photosynthesis to
equal respiration (light compensation point), and the light intensity at which CO2 assimilation
no longer increases (light saturation point). The highest rate of CO2 assimilation is referred to as
Amax. Little information was found in the literature that compared gas exchange to water use
(sap flux) for P. occidentalis.

Free proline concentration:

The α amino acid proline is thought to play a role in the osmotic adjustment of plants
(Wyn Jones et al., 1977), and its accumulation is common in many plants that have been
subjected to water and salt stress (Chinard, 1952; Bates et al., 1973; Kozlowski, 1997; Sofo et
al., 2004). Proline is an osmolyte, and the production of proline lowers water potential within
cells. It is also stored as a carbon and nitrogen reserve in plants (Chinard, 1952; Waldren and
Teare, 1974; Hare and Cress, 1997). In addition, proline can function as a scavenger of oxygen
radicals and may be involved in cell to cell signaling as a stress signal inducer (Smirnoff and
Cumbes, 1989; Maggio et al., 2002).
Previous studies have measured proline in plants as a response to drought, salts,
pathogens, herbivores, and other environmental stressors (Chinard, 1952; Hsiao, 1973; Jones
and Coleman, 1988; Delauney et al., 1993; Kozlowski, 1997; Khatkar and Kuhad, 2000; Griffiths
and Parry, 2002; Sofo et al., 2004; Lei et al., 2006; Verslues et al., 2006; Ashraf and Foolad,
2007). For these studies a baseline proline level is determined and then the increase or
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decrease in concentration acts as the response across treatments. For example, Kozlowski
(1997) found proline to increase in response to drought and sucking insect damage in P.
occidentalis However, no obvious relation between the degree of stress or damage and the
amount of free proline was found. In another study (Sofo et al., 2004) proline seemed to
increase almost linearly as drought stress intensified. In S. nigra leaves, free proline
accumulation has been measured as a response to drought, but this information does not
appear in the literature for P. occidentalis (Morgan, 1984; Lei et al., 2006; Borisev, 2010).
Comparative measurements of free proline production among species in situ and under
controlled conditions may help explain Platanus’ ability to survive under drier conditions. Our
study measured free proline concentrations, in both species, across controlled water
treatments, a spider mite infestation, and in our field site (in situ) to better understand any
proline response to common environmental stressors.

Specific leaf area:

Specific leaf area (SLA) is a measure of the relationship between a fully expanded leaf
and its oven dried mass reported in m2/kg. A larger SLA indicates a thinner leaf blade or a lower
carbon density. Specific leaf area has been linked to relative growth rate, leaf longevity, carbon
allocation/investment, decomposition rate, and secondary compounds such as tannins and
lignin (Pérez-Harguindeguy et al., 2013). Specific leaf area is a function of leaf thickness and dry
matter content and has been shown to be highly variable, with in a species, in response to light
exposure, water availability, nutrients, and seasonality of growing conditions (Dwyer et al.,
2014). Plants with thicker leaves have been shown to reduce light penetration and as, a
consequence, soil temperature (Lin and Lin, 2010). SLA was collected for trees in the field study
site as shading and temperature regulation are crucial functions of a riparian forest. SLA was
not collected from greenhouse individuals.
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Reproduction by stem cuttings of P. occidentalis:

In an attempt to represent the feasibility of using stem cuttings of P. occidentalis to
enhance riparian buffer restoration sites, the ability of P. occidentalis stem cuttings to produce
roots and leaves as well as survive the first winter dormancy period was explored. This
experiment will take place in two stages under field and greenhouse conditions.

Study objectives:

Objective 1:

Compare the differences in sap flux in the outermost 30 mm of xylem of P. occidentalis and S.
nigra cohabitating in an urban riparian zone over the 2013 growing season.

Prediction 1:

For trees of similar light exposure, because of its larger leaf area index, Platanus occidentalis
will have higher overall rates of sap flux.

Objective 2:

To compare CO2 assimilation rates among trees of P. occidentalis and S. nigra co-occurring in an
urban riparian zone over the 2013 growing season.

Prediction 2:

Due to a thicker average leaf blade reported for P. occidentalis (219 µm vs. 171 µm; Carpenter
and Smith, 1981), CO2 assimilation will be higher per unit leaf area in P. occidentalis than S.
nigra.
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Objective 3:

Subject plants of P. occidentalis and S. nigra grown in a greenhouse to treatments of inundation
(“Wet”) and drought (“Dry”) and determine: 1) differences among species in their light
response curves and mean maximum CO2 assimilation rate (Amax) in response to each
treatment; and 2) determine differences among species in their response to each treatment
(“Dry” or “Wet”) in terms of free proline concentration. Because the pattern for free proline
concentration as an inundation response is yet unclear, and our study species are adapted for
riparian ecosystems, inundation treatment measurements will be exploratory.

Prediction 3:

1). Because previous studies have reported an adverse effect of drought on growth of S. nigra
and drought resistance for P. occidentalis, the max CO2 assimilation rate, Amax, will be more
greatly reduced in saplings of Salix nigra than saplings of Platanus occidentalis subjected to
drought.
2). Because in many plants proline production may be used as a mechanism of osmoregulation
(decreasing plant water potential in order to access more water), for saplings of both species
subject to drought, there will be a greater relative increase in free proline concentration in P.
occidentalis saplings compared to saplings of S. nigra.

Objective 4:

Determine proline concentrations in P. occidentalis and S. nigra growing in an urban riparian
area under natural environmental conditions. Because environmental factors may vary in
opposing directions and in somewhat unpredictable manner, data collection on variation in
proline production among species at the riparian field site will be exploratory.
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Objective 5:

Determine specific leaf area in P. occidentalis and S. nigra growing in an urban riparian area
under natural environmental conditions.

Prediction 5:

Based on other literature that has reported differences in leaf thickness, P. occidentalis will
have a lower SLA (m2/kg dry mass) than S. nigra in the field trial.

Objective 6:

Determine success rate of asexual P. occidentalis cuttings placed in potting soil in the
greenhouse as well as in the un-amended soil on the banks of a retention pond. Because there
is little information on P. occidentalis vegetative cuttings the study regarding cutting success
rates will be exploratory.

Prediction 6:

Because the greenhouse treatment will be in potting soil and receive water as needed, while
the field treatment will be unassisted in a retention pond, the greenhouse treatment is
expected to have a higher success rate.

31

MATERIALS AND METHODS:

Field study site:

The study took place on the Kennesaw State University campus in North West Georgia
located approximately 40 km (25 miles) from the city of Atlanta. The riparian zone borders a
thirty meter stretch of a roughly one meter wide stream. The study site was initially a bottom
land forest or floodplain that has been encroached upon by the university’s construction. In the
mid 1960’s the stream channel was diverted and straightened and the native vegetation was
removed. A row of S. nigra trees was planted sometime following the disturbance and it
appears that a pair of surviving P. occidentalis contributed seeds which have developed into a
stand of P. occidentalis individuals which now grow intermixed with the planted S. nigra. There
are also several hardwood seedlings from sweetgum, (Liquidambar styraciflua L.), tulip poplar,
(Liriodendron tulipifera L.), white oak (Quercus alba L), and a single river birch (Betula nigra L.)
growing among the P. occidentalis and S. nigra along with a Ginkgo biloba L., which was likely
planted around the same time as the larger S. nigra trees. Study individuals are on both banks
as far as seven meters from the water’s edge. The stream at the site has water year round and
is the headwater of a tributary that empties into the Etowah River. Its path was altered to
accommodate the university construction. The study area is situated at the bottom of a hill with
a mature stand of trees on one side and a grassy area on the other. This section of stream has a
slow flow, a straight channel, low gradient and generally low discharge in the absence of prior
rainfall. The shoulders of the stream are relatively flat and the bank consists of pieces of granite
(each roughly 10-30 cm wide) with gravel and grass between then. This stream bank
configuration is typical of altered waterways in Northwest Georgia (GA EPD, 2011). Soil is
mostly clay, but there is also a high level of coarse stone due to construction. This stone allows
the area to drain better than the soil type might imply. Grasses and broadleaf herbs grow
where light levels allow. There is a two lane road nearby and a parking lot whose edge is within
5 m of the south west corner of the plot. The field site has morning shade from the mature
stand of trees, which is dominated by beech (Fagus sp.), tulip poplars (L. tulipifera), and a few
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varieties of oaks (Quercus sp.). The field site is then well lit from mid-day until just before
sundown when it is enveloped in the shade of another stand of mature oaks and sweetgums.

Supplemental figure 1: Field study site viewed from its western edge. The stream runs
parallel to the wooden beams on the left of the photo.

The riparian area studied contained 13 Sycamore (P. occidentalis) trees that range in
diameter at breast height (DBH) from 4 to 32 cm. Cohabitating with the P. occidentalis were 12
black willows (S. nigra) which ranged in DBH from 4.5 to 34 cm. There were also a small number
of young tulip poplars and oaks growing in the understory as well as a single paper birch. All of
the trees within the field site were seven meters or less from the stream edge. The study site
was approximately 450 m2 with the stream running through the center. Two of these trees have
been removed due to poor health as of 2014.
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Sap flux:

Granier’s method of sap flux measurement was utilized to collect xylem sap flux data.
The Granier style system was powered by 12 volt batteries kept charged with solar panels. The
system, built specifically for this study with a Campbell scientific AM25T multiplexer and
CR1000 data logger, received and recorded measurements from 8 probes (Civil Engineering
PDF) placed on 3 P. occidentalis and 5 S. nigra trees. The system recorded the velocity of flow
across the probes every 5 minutes during daytime and nighttime hours. These data were
collected during the months of June through October of 2013. Data collection continued as long
as the plants had leaves. Leaf fall was complete in early November.
The traditional method for reporting this type of data consists of determining the xylem
sap wood area for the tree and scaling up the flux density to determine whole plant water use.
Recent studies, however, have shown variation in flux rates at different xylem depths
(Nadezhdina et al., 2002; Ford et al., 2004; Poyatos et al., 2007; Gerbauer et al., 2008). Due to
the destructive measures needed to determine this variation in radial flux density, our study
will present sap flux on a per dm2 basis representative of rates in the outer 30 mm of sap wood
area. In most studies night time measurements are collected over 10 days to establish ΔTM, but
in general not collected thereafter so as to conserve power. Nocturnal transpiration is
traditionally assumed to be minimal (Granier, 1987). For this study, measurements were taken
at night for the duration of the study in order to compare any nocturnal flow that may exist
across seasons among the two species.
Data was logged as a difference in temperature between thermocouples. Data was
downloaded onto laptops at the end of every month. After data was downloaded each month a
maximum temperature difference (ΔTM) was identified for each individual monitored. Using this
individual specific ΔTM, each data point for the individual was related to the ΔTM to determine a
time specific K (equation 1). Using the derived K, the flux density was then converted (equation
2) and expressed as volume per unit of area (dm2) over time. The flow at a given point along the
radius of the plants stem cross sectional area is considered to be the radial sap flux density. The
determination of these radial flux density patterns is labor intensive, requires additional
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equipment, is intrusive and damaging to the individual tested and furthermore would not have
allowed for continuous monitoring of the outermost xylem. Because of the above reasons, flux
density in this study is reported on a per 1 dm2 basis and is only assumed equal for the outer
most 3 cm of xylem, which corresponds with the length of our probe and the actual cross
sectional transect measured.
Stand level water use estimates were also calculated to allow for perspective of overall
water use in our field study site. Although it is common practice to calculate and report stand
level and whole tree level water use using sap flux data, it can potentially result in gross over
estimates (Ford et al., 2004; Gerbauer et al., 2008). Therefore, the study focused on and
compare per standardized measurement unit (dm2) as opposed to per individual or per species.

CO2 assimilation:

Carbon dioxide assimilation (A) was measured using a Licor 6400 photosynthesis system
and presented as µmols CO2 per m2 of leaf blade per second. On the mornings of August 17th
and August 24th, 2013 during the hours of 8am to 11 am light curves were built for a subsample
of individuals of each species (3 Platanus, 2 Salix) on both occasions. On both occasions the
leaves to be tested were chosen in a manner that attempted to control for light exposure and
leaf health. Green, fully expanded, undamaged leaves with similar placement (regarding
direction and height on the trees) were chosen from each species and tree. Due to the narrow
lanceolate leaf morphology of S. nigra the number of suitable leaves wide enough to properly
fill the Licor 6400 LED chamber was more limited in this species, and leaves of S. nigra sampled
were biased towards some of the largest leaves on the tree.
Each individual light response curve was calculated from 6 sequential light
measurements taken from a single leaf. CO2 assimilation was measured at 0, 50, 200, 500,
1000, and 1500 µmol/cm2/s1 photosynthetic photon flux density (PPFD). All measurements
were recorded with incoming CO2 at 400 ppm. Light curve measurements began at 1500 PPFD
and decreased stepwise to 0 PPFD. An initial time period of 15 minutes was allowed for the
plants’ photosystems to become active before the initial measurement was taken. During this
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15 minute period the IRGA was “matched” to insure accurate measurements. After the initial
15 minute delay subsequent measurements were taken 5 minutes after the decreased light
intensity had been established to allow for the chamber air to be exhausted and to allow the
photosystem excitation to become representative of the new, lower light intensity. This
stepwise process was developed with the collaboration of a Licor 6400 representative and was
decided to be the best compromise of time and accuracy for the design of our experiment. The
range, variation in magnitudes and direction of transition from one value to the next, variation
between individuals within and across treatments were analyzed to determine differences
between species and treatments using MANOVAR on SPSS and following the steps laid out by
Potvin et.al. 1990.

Free proline concentration:

At multiple times during the study, immediately after CO2 assimilation measurements
were taken, 0.5 g of fresh leaf tissue was collected from the individuals that had been measured
(light curves). Leaves were chosen at random from the available leaves with a healthy
appearance. Sample leaves were stored at -80 °C while waiting for processing. The leaf samples
taken from the field and from greenhouse plants were then tested for free proline
concentration following the method laid out by Bates et al. (1973) with an additional step
added to the filtration process. In order to speed the filtering process, and insure samples be
free of suspended solids, the homogenized samples were first centrifuged at 1500 rpm for 5
minutes to force the majority of the non-soluble material into a pellet. The resulting
supernatant was decanted with a pipette and then filtered in accordance to Bates et al. (1973).
The samples were individually homogenized in 10 ml of 3% sulfosalisylic acid and filtered
through a #2 Whatman filter paper after centrifugation. Two ml of acid ninhydrin and 2 ml of
glacial acetic acid were mixed with 2 ml of filtrate and heated at 100°C for one hour and then
put on ice. To this mixture 4 ml of toluene was added and the solution mixed vigorously. After
settling, 1 ml of the non-polar phase was siphoned off and its absorbance measured at 520 nm.

36

Toluene was used as the blank and proline concentration was determined (r >0.999) with a
standard curve built with pure proline. Proline was compared on a per gram fresh leaf basis.
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Supplemental figure 2: Proline optical density standard curve of 10 fold dilutions. Curve was
built using l-proline suspended in toluene.

Specific leaf area and leaf area per meter of stem:

Specific leaf area of the field individuals was derived from seven S. nigra and nine P.
occidentalis individuals. Branches holding fully expanded healthy leaves with exposure to direct
sunlight were selected and excised. Immediately after excision branches were placed in a
chilled room where the leaves were stripped by hand from the branches and one sided leaf
area measured using a Licor 3100C area meter. Fresh leaves were then placed into open plastic
containers. After all branches had been measured the leaves of each sample were moved onto
marked aluminum trays and placed into a drying oven set at 75 °C for 24 hrs. Leaf samples were
dried and the recorded area was divided by the oven dried weight.
During the SLA sampling effort three branches from the exposed edge of the canopy
were chosen from each of three individuals of each species whose size and position in the
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canopy were similar. From these branches, three separate one meter lengths of stem were
excised. Starting with the terminal end of the stem, 1 meter was measured back following the
central stem and there the cut was made. All of the leaves attached to the resulting sample
were measured to obtain the leaf area per stem length values and are given on a m2/m basis.
The branches were immediately taken to a chilled room and their leaf area measured. The 18
separate m2/m measurements were taken in an attempt to infer the leaf area index for each
species canopy as to calculate leaf area index in an intertwined mixed canopy presents many
challenges and potential for error.

Propagation by stem cuttings:

Vegetative reproduction of P. occidentalis by the propagation of stem cuttings was
explored. The experiment took place in two locations; in the field and in a greenhouse. For the
greenhouse treatment, during the first week of July, 2013, four 6 L containers were filled with
ProMix BX media from Premiere Horticulture LTD, then wetted and placed on the tables
alongside the other P. occidentalis trees. To each of the four containers 4 P. occidentalis stem
cuttings were planted by pushing the cuttings 20 cm into the soil and then keeping the soil wet.
Two of the containers received stem cuttings with all leaves removed and the other two
containers received stem cuttings with the topmost four leaves attached. These four containers
were checked daily and watered as needed. For the field study, a site was located within a
storm water retention area. Sixteen stem cuttings were pushed 20 cm into the soil and
arranged in a 1 m x 2 m rectangle situated just above the water mark. The banks of the
retention pond currently have P. occidentalis, S. nigra and Populus deltoides Marshal (eastern
cottonwood) growing on them and these trees cast filtered shade to the stem cuttings
throughout the day. The trees received no water or care from researchers and relied on
naturally available soil moisture.
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Weather:

Most weather data was collected continuously at the field site using a Dynamax MetPak
Pro weather station. The weather station was utilized to collect temperature, relative humidity,
irradiance, and barometric pressure, each of which was recorded every 15 minutes from July to
October, 2013. Rainfall data was obtained from three local collection sites and averaged
together to best represent site conditions. Multi-year means consist of data sets of different
durations with 6 years of data from USGS 02392975, (Noonday Creek at Shalloford Rd.), 15
years of data from Dacula Cobb County (McCollum airfield), and 15 years of data from National
Weather Service (Dobbins AFB). The multi-year data set does not include the data for 2013.

Greenhouse:

In order to discern responses of each species to drought and inundation 15 to 30 cm
commercially grown, bare root trees of each species were obtained and grown in the
greenhouse (Cold Stream Farm, MI). Fifty two trees, twenty six each of P. occidentalis and S.
nigra, were planted into 6 L plastic containers using ProMix BX media each within their own
water collection tray and placed in the greenhouse. The trees’ height in cm and diameter in mm
were recorded and each individual was assigned a number and tagged at the onset of the trial.
Based on the initial size ranges, the following treatment groups were formed: inundation Wet,
Control, and drought Dry, consisting of ten trees (six for the Wet treatment) representing the
diversity of sizes initially recorded. The amount of water for each of the water treatment groups
Wet, Control, and Dry, was determined as follows:
For the Wet treatment, soil remained saturated for the duration of the experiment. To
achieve this, water was maintained at least half way up the sides of the plants’ container by
utilizing a 25 cm deep retention tray. These plants were checked daily to insure the presence of
water in the retention trays. The Control treatment was kept at field capacity and well watered
but allowed to drain freely. Plants in the control treatment were grown using shallow retention
trays that remained free of water. For the Dry treatment, the amount of water needed to reach
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field capacity was determined first for the Control, and the Dry treatment then received half
the amount of water needed for field capacity. The amount of water needed for field capacity
was determined by first establishing the average dry weight of media in the 6 L containers and
then adding water until the soil had both become fully wetted and allowed to drain until drips
from the pot become less than one per 5 seconds. The new wet weight was taken and the
difference in weight was considered as the weight of the water needed to reach field capacity.
The baseline weight of each plant in the Dry treatment was determined, and an attempt
was made to keep plants in this treatment at a weight equivalent of watering to ½ the field
capacity. No Dry treatment trees were watered 48 hours prior to testing. Only plants with soil
surface appearing dry and pulling away from the pots edge were measured. Moisture levels
were confirmed by weight after measurements were taken. Each plant in the Dry and Control
treatment was weighed after measurements were taken. After each morning of measurements
while the plants were being weighed and watered they were rotated on the tables in order to
insure random distribution and even light exposure.

Statistical analysis:

Max CO2 assimilation rate (Amax), free proline concentration, average leaf area, and
specific leaf area (SLA), data sets were analyzed using t-test for comparisons. Mean daily peak
sap flux and photosynthetic light curves were analyzed using MANOVAR for comparisons of
repeated measures following the steps outlined in Potvin et al., 1997. Relationships of sap flux
and abiotic factors were analyzed using Pearson product-moment correlation.

40

RESULTS:

Field study:

Sap flux:

Monitoring of trees with thermal dissipation probes recorded values every 15 minutes.
Interruptions to the power supply caused by weather and battery failures resulted in significant
breaks in the data; however, usable values were returned for over 25000 time stamps. Sample
size (number of trees monitored) was 3 for P. occidentalis and 5 for S. nigra except during
August where P. occidentalis sample size was reduced to 1 individual. Mean sap flux for these
species is shown in Figure 1.
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Figure 1: Mean sap flux rate per unit of stem cross sectional area (L/dm2/hr) measured June
to October 2013. Values are averages of individual tree means. Individual tree means are
calculated from repeated measures. Because night time sap flux was observed, all recorded
values, day and night, were used to calculate means. Error bars represent standard deviation
between individual tree means. (Platanus n=3 except August n=1, Salix n=5).
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Both species reached their highest mean sap flux in June (Platanus 0.589, Salix 0.533
L/dm2/hr). Species differed in the timing of their lowest mean. P. occidentalis’ lowest sap flux
mean was in October (0.144 L/dm2/hr) whereas S. nigra’s lowest mean was in July (0.533
L/dm2/hr). Mean sap flux rates were slightly higher for P. occidentalis during June and July,
whereas S. nigra sap flux rates were higher in August, September, and October. S. nigra mean
sap flux for August was 0.347 L/dm2/hr and then decreased slightly (-0.02 L/dm2/hr) each
month through October. Because the data consisted of many (thousands) repeated measures
taken on a limited number of individuals, statistical analyses have been omitted.
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Figure 2: Mean peak sap flux rate per unit of stem cross sectional area (L/dm2/hr) measured
June to October 2013. Values represent the average of the highest sap flux rate returned for
each tree for every day values were recorded. Error bars represent standard deviations
between individual tree peak sap flux means. (Platanus n=3 except August n=1, Salix n=5).

Mean daily peak sap flux rate was similar between species (p>0.05, n=8 MANOVAR) (see
Figure 2). As with overall mean sap flux, peak sap flux was highest in June for both species
(Platanus 5.523, Salix 5.2278 L/dm2/hr). Again there is a difference in the timing of lowest peak
means. For P. occidentalis the lowest mean daily peak was in September (1.143 L/dm2/hr)
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whereas S. nigra’s lowest mean peak was October (2.185 L/dm2/hr). Mean daily peak sap flux
rates were slightly higher for P. occidentalis during June and July. S. nigra daily peak sap flux
rates were slightly higher for August, September, and October. After June, P. occidentalis daily
peak sap flux decreased each month through September and then increased from September
to October. S. nigra daily peak sap flux decreased from July to August and then remained
almost unchanged with a slight increase (+0.106 L/dm2/hr) in August. S. nigra sap flux
decreased from August to September and then remained almost unchanged with a slight
decrease (-0.039 L/dm2/hr) in October.
Stand level transpiration was calculated to estimate the average combined daily water
use for all the P. occidentalis and S. nigra individuals within our study site. Values represent
species’ mean sap flux rates scaled up to encompass combined cross section area at breast
height.
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Figure 3: Estimated stand level daily water use. Because night time sap flux was observed, all
recorded values, day and night, were used to calculate stand level water use (Platanus n=13,
6.95 dm2 , Salix n=12, 7.89 dm2).
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Season-long water use was similar for the two species when compared per unit of cross
sectional area, with P. occidentalis using 7.458 L/dm2/day while and S. nigra used 4% more at
7.738 L/dm2/day.

Field abiotic conditions:

Mean VPD calculated from temperature and humidity measurements that were
collected on site every 15 minutes.
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Figure 4: Mean VPD by month (Pa) July to October 2013.

VPD rose slightly (3% each month) from July to September. VPD then decreased by 34%
in October (Figure 4). Highest mean VPD was in September (587.34 Pa) and lowest in October
(389.51 Pa).
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Figure 5: Mean daily peak values of VPD (Pa) measured July to October 2013. Values
represent the average of the highest VPD recorded for each day monitored. Error bars
represent standard deviation between daily peaks.

Daily peak VPD was highest in August (1565.62 Pa) and decreased monthly to its lowest
in October (1143.35 Pa) (Figure 5).
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Figure 6: Mean hourly light (photosynthetic photon flux density: PPFD µmols/m2/s) for each
month in 2013.
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As shown in Figure 6, mean light intensity decreased each month through the duration
of the study. Highest mean PPFD was July (134.67 µmols/m2/s) and the lowest was October
(95.57 µmols/m2/s).
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Figure 7: Mean daily peak values of PPFD (µmols/m2/s) measured July to October 2013.
Values represent the average of the highest VPD recorded for each day monitored. Error bars
represent standard deviation between mean daily peaks.

Mean daily peak PPFD values decreased each month July through September and then
increased slightly from September to October (Figure 7). Highest mean daily peak PPFD was
recorded in July (632.31 µmols/m2/s) and the lowest in September (495.73 µmols/m2/s).

Sap flux and abiotic factors correlations:

Mean sap flux rates for each species were matched to onsite VPD and PPFD
measurements by time stamp. Pearson’s correlation coefficients were used to compare the two
species regarding the degree to which their mean sap flux followed VPD and PPFD.

46

1

Sap flux (g/cm2/min)

0.8

0.6

y = 0.0003x + 0.0927
R² = 0.5905

0.4

Salix
0.2

Platanus
y = 0.0002x + 0.0654
R² = 0.4629

0
0

500

1000

1500
2000
VPD (Pa)

2500

3000

3500

Figure 8: Correlation of sap flux (L/dm2/hr) to atmospheric VPD. Trend lines: Solid line
Platanus, dashed line Salix. Each rectangle represents the mean sap flux for Salix individuals
(n=5) and is plotted with the VPD value recorded at the same time stamp. Each circle
represents the mean sap flux for Platanus (n=3) and is plotted with the simultaneously
recorded VPD value. Values were collected during the period of July through October 2013.

As shown in Figure 8, sap flux in both species correlated positively and significantly to
atmospheric vapor pressure deficit (VPD). However, S. nigra presented a higher correlation
coefficient with VPD: S. nigra 0.7684 (p< 0.001), P. occidentalis 0.680 (p< 0.001).
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Figure 9: Correlation of sap flux (L/dm2/hr) to solar PPFD. Trend lines: Solid line Platanus,
dashed line Salix. Each rectangle represents the mean sap flux for Salix individuals (n=5) and
is plotted with the PPFD value recorded at the same time stamp. Each circle represents the
mean sap flux for Platanus (n=3) and is plotted with the simultaneously recorded VPD value.
Values were collected during the period of July through October 2013.

As with VPD, photosynthetic photon flux density (PPFD) correlated positively and
significantly to sap flux in both species (Figure 9). As with VPD, S. nigra presented a higher
correlation coefficient with PPFD than P. occidentalis: P. occidentalis 0.681 (p< 0.001), S. nigra
0.7203 (p< 0.001).
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Local area rainfall:

Mean rainfall for the 2013 growing season and the multi-year means are from three
surrounding rain gauges.
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Figure 10: Monthly rainfall totals (mm) for 2013 (gray bars) and multi-year mean (white bars).

Daily peak VPD was highest in July (218.02 mm) and decreased monthly to its
lowest in October (63.58 mm) (Figure 10).
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Figure 11: Deviation from mean monthly rainfall of values (mm) for rainfall registered in
2013. Line represents 30 year mean. Bars represent the extent of the deviation (above or
below the multi-year mean) in rainfall registered at the site in 2013.

Rainfall in 2013 (Figure 10) was far above the 30 year average rainfall registered for the
region in June (104%) and July (71%); and to a lesser extent, August (17%). Rainfall was below
average for September (24%) and October (24%) (Figure 11). Rainfall accumulation means and
2013 values are average rainfall totals for three local rain gauges. Mean values are for the years
prior and do not include 2013 rainfall data.

Diurnal sap flux patterns:

June diurnal sap flux cycles:

P. occidentalis and S. nigra had similar diurnal patterns in June as were seen for July (e.g.
Figure 12); and similar to July, P. occidentalis used slightly more water on average than S. nigra
(Figure 1). In June sap flux in both species followed PPFD and VPD closely during daylight hours
and dropped to nominal levels at night. Mean sap flux for both species showed highest
recorded rates in June. Hourly means were 0.59 L/dm2 of sap wood for P. occidentalis and 0.53
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L/dm2 for S. nigra. Mean peak flux rates reached 5.5 L/dm2/hr for P. occidentalis and 5.2
L/dm2/hr for S. nigra. Unfortunately, the weather station was disabled for most of June, and
thus PPFD and VPD measurements are not given for that month and a diurnal chart was not
included.

July diurnal sap flux cycles:

Mean sap flux for P. occidentalis (solid line), S. nigra (dashed line), and VPD (dotted line)
are plotted at 15 minutes intervals. Diurnal charts begin and their X axis tick marks occur at
midnights.
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Figure 12: July diurnal chart of sap flux (g/cm2/min) in both species, and VPD showing 4 days
(July 11th -14th 2013) Midnight to 23:59. Sap flux values represent species means, Platanus
n=3, Salix n=5. Sap flux and VPD was charted day and night at 15 minute intervals for
maximum resolution.

As shown in Figure 12, in July P. occidentalis and S. nigra had very similar diurnal
patterns of sap flux (p=0.420, F=0.868, n=8, MANOVAR) that were also representative of the
patterns recorded in June (not shown). During this time sap flux patterns followed fluctuations
51

in VPD during daylight hours and then fall to nominal levels at night regardless of VPD (Figure
12). During July the magnitude of sap flux decreased from June levels for both species. For P.
occidentalis hourly means in July decreased by 46% from June levels, whereas the decrease for
S. nigra was of 48%. Decreases in peak flux rates were smaller but still apparent. P. occidentalis
peak flux decreased by 24%, and S. nigra saw a decrease of 31%. As in June, sap flux in both
species followed PPFD and VPD closely during daylight hours and dropped at night. Also similar
to June data, the number of days with rainfall and total rainfall volume was above average. July
rainfall was above average by 71%, with 218.017 mm recorded in 2013 vs. 127.381 mm, the
multi-year average (Figure 11).

August diurnal sap flux cycles:

The August patterns of sap flux for P. occidentalis and S. nigra were found to differ.
Mean sap flux values for P. occidentalis were lower in August (decreased by 11%) compared to
July, but increased for S. nigra. S. nigra rates increased by 25%. This inflection leads to S. nigra
using more water on average than P. occidentalis for the remainder of the growing season.
Mean daily peak flux rate decreased by 26% in P. occidentalis. However, mean peak sap flux
rate for S. nigra exhibited a small increase of 3%. August rainfall was above average by 17%
(114.469 mm recorded in 2013 compared to the multi-year average of 97.762 mm). VPD means
and peaks increased from July to August for the period of data collection (Figure 4 and 5). No
chart is presented for August diurnal patterns.
August presented many challenges in data collection, including, but not limited to,
unexplained catastrophic equipment failure within the study site, the unexpected defoliation of
one tree being studied, unexplained damage to solar cells, and the accidental disabling of the
weather station by maintenance contractors. For these reasons much of the data collected for
August was lost or compromised. Thus, data was collected for 13 days (August 19-31). The data
capture for these 13 days represents only the latter 42% of the month. The timing of the data
collection may be relevant for there were five rain events with greater than 5 mm of
precipitation during the first 18 days of August, and only one during the 13 days measured.
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During this period data for only one P. occidentalis was uncompromised, resulting in a sample
size of one for P. occidentalis. As a result, inferences regarding P. occidentalis trends for August
are from one individual.

September diurnal sap flux cycles:

For both species mean sap flux in September decreased from August levels. P.
occidentalis hourly means decreased by 25% and S. nigra saw a smaller decrease of 6%.
Decreases in peak flux rates were much larger. P. occidentalis peak flux decreased by 63% while
S. nigra saw a decrease of 40%. September rainfall was below average by 24% (84.751 mm
recorded in 2013 vs. 111.901 mm for the multi-year average; Figure11 and Table 6). Mean VPD
increased slightly from August to September (Figure 4).
The diurnal pattern of sap flux for P. occidentalis and S. nigra in September departed
from that exhibited in previous summer months (Figure 14 vs. Figure 12). During September
both species began to show notable amounts of nocturnal sap flux (Figure 14). This nocturnal
sap flux corresponded with fluctuations in VPD (Figure 14). During the month of September S.
nigra continued moving water at a higher rate than that of P. occidentalis. At times the night
time minima of S. nigra flux rates exceeded the preceding or following day’s peak flux rates of
P. occidentalis (Figure 14). During this period (late September) newly unfolded leaves were
observed on certain individuals of both species (Figure 13a and 13b).

53

Figure 13a: S. nigra canopy September 23rd. Figure 13b: P. occidentalis canopy September
looking up into canopy. Curled leaves are

23rd looking at side of tree. Newly formed

senescing alongside newly formed leaves.

leaves are a lighter green color at branch tips.
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Figure 13a is a view of S. nigra taken from underneath the canopy, next to the trunk,
looking straight up. Throughout the canopy summer foliage is losing its green color and curling
up along the mid vein before being abscised.
Figure 13b is a view of P. occidentalis showing a mostly intact summer canopy with new
leaves forming at the branch tips. The new leaves are a lighter color and appear slightly yellow
in the photograph. There are also leaves that are obviously yellow and brown which are
senescing although very few leaves had been abscised by P. occidentalis at this time.
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Figure 14: September diurnal sap flux (g/cm2/min) in both species and VPD showing 6 days
(September 17th -22nd 2013) midnight to 23:59. Sap flux values represent species means,
Platanus n=3, Salix n=5. Sap flux and VPD was charted day and night at 15 minute intervals.

P. occidentalis and S. nigra had similar sap flux patterns in September, but the mean
peak rates of S. nigra surpassed those for P. occidentalis (Figure 14). The difference between
species, in peak flow rates was not statistically significant (p=0.531, F=0.434, n=8 MANOVAR).
During this time sap flux patterns follow fluctuations in VPD during daylight and night time
hours resulting in notable night time sap flux in both species.

October diurnal cycles:

55

In October the mean sap flux decreased for both species compared to September rates
(Figures 1, 14 and 15). The hourly mean for P. occidentalis sap flux decreased by 32% from its
September level and the mean for S. nigra decreased by a much smaller amount (7%). S. nigra
mean peak flux decreased only 2%. Surprisingly the mean daily peak flow calculated for P.
occidentalis increased from September to October by 68%. October rainfall was 24% below
average, with 63.585 mm recorded in 2013 compared to the multi-year average of 83.764 mm
(Figure 11). VPD decreased from September to October, as did mean PPFD. However, peak
PPFD increased from September to October, as did the peak sap flux of P. occidentalis. P.
occidentalis and S. nigra both continued to show notable amounts of nocturnal sap flux (Figure
15).
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Figure 15: October diurnal chart of sap flux (g/cm2/min) in both species and VPD showing 5
days (October 16th-20th 2013). Sap flux values represent species means, Platanus n=3, Salix
n=5. Sap flux and VPD was charted day and night at 15 minute intervals.

P. occidentalis and S. nigra had similar sap flux patterns in October, but S. nigra mean
peak rates were more than twice that of P. occidentalis. However, this difference was not
significant (p=0.364, F=0.943 n=8 MANOVAR). During this time sap flux patterns continue to
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follow fluctuations in VPD during daylight and night time hours, again resulting in notable night
time sap flux in both species. During October leaf senescence continued and accelerated in S.
nigra and began and accelerated in P. occidentalis (Figures 16a and 16b). During October both
species continued to produce and expand new leaves (Figures 16a and 16b).

Figure 16a: S. nigra canopy October 14th The

Figure 16b: P. occidentalis canopy October 14th
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majority of leaves in the canopy are newly

The majority of the leaves are newly formed.

and occurring at the branch tips.

Some summer leaves persist close to the trunk

Figure 16a is a view looking up into the canopy of S. nigra. The majority of the leaves
remaining in the canopy of this tree have been produced in September and early October.
Figure 16b is a view of P. occidentalis taken looking up into the canopy. The majority of
the green leaves have also been produced in September and October. Most of the summer
leaves have been abscised, but toward the trunk some summer leaves still remain, although
obviously senescing.

Field CO2 assimilation:

Photosynthetic rates of Field individuals were recorded at 0, 50, 200, 500, 1000 and
1500 µmols/m2/s PPFD using the Licor 6400 LED chamber. All leaves sampled were a healthy
green color, fully expanded, undamaged, and had similar full sun exposure.
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Figure 17: Mean photosynthetic light curves for both species in the Field. Values represent
species means (Platanus n=6, Salix n=4). Measurements were taken in August 2013 on fully
expanded leaves with healthy color and appearance.

Field treatment individuals responded similarly to increasing light (p=0.81, F= 0.062,
n=10 MANOVAR) (Figure 17). Both species assimilation rates reached over 75% of capacity at or
before 500 µmols/m2/s PPFD. P .occidentalis was light saturated at 1000 µmols/m2/s PPFD
while S. nigra assimilation continued to increase up to 1500 µmols/m2/s PPFD.

The mean maximum CO2 assimilation, Amax, was determined for Field individuals of both
species from the Licor 6400 generated light curves. Amax rates for Field individuals were
achieved at either 1000 or 1500 µmols/m2/s PPFD.
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Figure 18: Mean maximum CO2 assimilation (Amax; µmols/m2/s) for trees in the Field
treatment. Values taken from light curves recorded in August of 2013. Error bars represent
standard deviation in Amax of individual trees (Platanus n=6, Salix n=4).
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As seen in Figure 18, Amax rates were similar for Field individuals of the two species
(p=0.480, n=10, t-test).

Field free proline concentration:

The osmolyte, free proline was measured from field individuals in August immediately
after CO2 assimilation measurements were taken. These values were compared to the
greenhouse Control treatments (see Figure 31). Free proline concentration was measured per
gram of fresh leaf blade. One S. nigra leaf had a free proline concentration of 19.07 µmols/g.
This sample was four standard deviations higher than the mean, and was responsible for the
majority of the variation in the S. nigra Field treatment.
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Figure 19: Free proline concentration in µmols per gram of fresh leaf for trees growing in the
field (Field treatment; see materials and methods for site description). S. nigra is shown with
all samples first (Platanus n=5, Salix n=5) and again (FIELD Adjusted) without the highest
sample proline value (Platanus n=5, Salix n=4). Error bars represent standard deviation in
individuals.
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As seen in Figure 19, when all leaf samples were included, mean free proline
concentration was higher in the S. nigra Field treatment than in P. occidentalis (S. nigra
x =4.76 ± 4.54, P. occidentalis x =3.23 ± 0.74) but the difference was not statistically
significant (p=0.463, n=10, t-test). When means were compared without the 19.07 µmols/g S.
nigra sample, “Field Adjusted,” P. occidentalis mean free proline concentration (x =3.23 ±
0.74) was higher than S. nigra (x =1.94 ± 0.69), but again the difference was not statistically
significant (p=0.466, n=9, t-test).

Field mean leaf area per meter and specific leaf area (SLA):

Average leaf blade area per meter of branch collected from Field individuals of both P.
occidentalis and S. nigra. Samples for average leaf area and specific leaf area were taken from
branches of similar and full sun exposure.
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Figure 20: Mean leaf area in m2 per meter of stem sampled (P. occidentalis n=5, S. nigra n=5).
Error bars represent standard deviation in individual stems.

P. occidentalis stems consistently had a significantly higher area of leaf per meter of
stem sampled (P. occidentalis x =0.4116 ± 0.086 m2/m, S. nigra x =0.172± 0.050 m2/m)
(Figure 20). This difference was statistically significant (p<0.001, n=18, t-test).
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Figure 21: Mean specific leaf area (SLA; m2/kg) for trees in the Field treatment (P.
occidentalis n=9, S. nigra n=7). Error bars represent standard deviation treatment individuals.

As shown in Figure 21, P. occidentalis had a higher mean SLA than S. nigra (P.
occidentalis x =22.61± 2.59 m2/kg), S. nigra x =16.92± 1.86 m2/kg). This difference was
determined to be significant (p<0.001, n=16, t-test).
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Field propagation by stem cuttings of P. occidentalis:

Tree
Tree

With leaves

Retention pond

Without leaves

Figure 22: Proximity diagram of planting of stem cuttings at field study site. Diagram is not to
scale.

Sixteen vegetative cuttings were placed in the bank of the retention pond in September
2013. As of June1st 2014, one year after planting, nine of the cuttings had leaves. As shown in
Figure 22, the location of the stem cuttings that had leaves was toward the corner of the 1x2
meter planting area that was closest to the retention pond.
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Greenhouse study:

Greenhouse CO2 assimilation:

Photosynthetic rates of greenhouse treatment individuals were recorded at 0, 50, 200,
500, 1000 and 1500 µmols/m2/s PPFD using the Licor 6400 LED chamber. All leaves sampled
were a healthy green color, fully expanded, undamaged, and had similar placement on the
individuals regarding height.
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Figure 23: Mean photosynthetic (CO2 assimilation) light curves for P. occidentalis greenhouse
treatments (Control n=9, Dry n=12, Wet n=12). Measurements were taken in August and
September on fully expanded leaves with healthy color and appearance.

Photosynthetic rates were recorded at 0, 50, 200, 500, 1000 and 1500 µmols/m2/s
PPFD. All treatment groups responded similarly to increasing light (p>0.05, n=18-24,
MANOVAR) (Figure 23). The assimilation rates for both species reached over 75% of capacity at
or before 200 µmols/m2/s PPFD. P. occidentalis Control was light saturated at 500 µmols/m2/s
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PPFD, while Dry and Wet treatment assimilation continued to increase up to 1000 µmols/m2/s
PPFD.
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Figure 24: Mean photosynthetic light curves for S. nigra greenhouse treatments (Control n=2,
Dry n=5, Wet n=5). Measurements were taken in August and September on fully expanded
leaves with healthy color and appearance.

As shown in Figure 24 all S. nigra treatment groups responded similarly to increasing
light (p>0.05, n=7-10, MANOVAR). The Dry treatment reached 75% of capacity at or before 200
µmols/m2/s PPFD. Both the Wet and Control treatments assimilation rates reached over 75% of
capacity at or before 500 µmols/m2/s PPFD. S. nigra Dry and Wet treatments were light
saturated at 1000 µmols/m2/s PPFD, while S. nigra Control continued to increase up to 1500
µmols/m2/s PPFD.

66

The mean maximum CO2 assimilation, Amax, was determined for greenhouse treatment
individuals of both species from the Licor 6400 generated light curves. Amax rates for Field
individuals were achieved at wide range of light intensities spanning from 200 or 1500
µmols/m2/s PPFD.
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Figure 25: Mean maximum CO2 assimilation rates (Amax; µmols/m2/s). Error bars represent
standard deviation in treatment individuals’ Amax. (P. occidentalis Dry n=12, Control n=9, Wet
n=12; S. nigra Dry n=5, Control n=2, Wet n=5).

Amax for S. nigra was higher than P. occidentalis in the Dry, Control and Wet treatments
(Figure 25). S. nigra Amax was significantly higher than P. occidentalis Control (p<0.001, n=11, ttest) and Dry (p=0.047, n=17, t-test). Amax for S. nigra Dry was lower than S. nigra Control but
the difference was not significant (p>0.209, n=7). Amax for P. occidentalis Control and Dry was
also similar (p>0.515, n=21, t-test). Amax for the S. nigra significantly was higher than P.
occidentalis in the Wet treatment (p<0.001, n=17, t-test). Amax for S. nigra Wet was lower than
S. nigra Control but the difference was not significant (p>0.857, n=7, t-test). Amax for P.
occidentalis Control and Wet was also similar (p>0.304, n=21, t-test). Amax for S. nigra Wet was
lower than S. nigra Dry but again the difference was not significant (p>0.077, n=7, t-test). Amax
for P. occidentalis Dry and Wet was also similar (p>0.720, n=24, t-test).
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Greenhouse free proline concentration:

Free Proline (µmols/g Fresh Leaf)
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Figure 26: Mean free proline concentration µmols per gram of fresh leaf. Error bars represent
standard deviation in treatment individuals. (P. occidentalis: Dry n=14, Control n=9, Wet n=5:
S. nigra: Dry n=12, Control n=5, Wet n=2).

As shown in Figure 26, free proline concentration for P. occidentalis was higher than S.
nigra in the Control but lower than S. nigra in the Dry treatments. Neither of these differences
were significant (Control p=0.153, n=14, t-test; Dry p=0.267, n=26, t-test). Free proline for P.
occidentalis Dry was higher than the Control, but the difference was not significant (p=0.227,
n=23, t-test). Free proline for S. nigra Dry was higher than S. nigra Control, but the difference
was not significant (p=0.115, n=17, t-test). Free proline concentration for P. occidentalis was
higher than S. nigra in the Wet treatment but this difference was not significant (p=0.760, n=11,
t-test). Free proline for P. occidentalis Wet was higher than the Control, but the difference was
not significant (p=0.926, n=18, t-test).
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Figure 27: Mean free proline µmols per gram fresh leaf. Error bars represent standard
deviation in treatment individuals. (P. occidentalis Control n=9, Mite Infested n=5, S. nigra
Control n=5, Mite Infested n=4).

Free proline concentration for P. occidentalis was higher than S. nigra in the Control but
seven times lower in the Mite Infested treatments (Figure 27). The later of these differences
was significant (Mite Infested p<0.001, n=9, t-test). Free proline concentration for the P.
occidentalis Mite Infested was significantly lower than the Control (p=0.005, n=14, t-test). Free
proline concentration for S. nigra Dry was significantly higher than S. nigra Control, and again
the difference was significant (p<0.001, n=17, t-test).
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Greenhouse leaf area:
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Figure 28: Mean total leaf area (m2/tree) of container grown trees. Error bars represent
standard variation in leaf area (Platanus n=5, Salix n=5).

As shown in Figure 28, mean total leaf area was significantly higher in P. occidentalis ( 
=0.4787 ± 0.1033, n=5) than S. nigra (  =0.2699 ±0.0443) in Control trees of the similar size
(p=0.003 n=10, t-test).

Greenhouse propagation of stem cuttings of P. occidentalis:

Sixteen stem cuttings were taken from the greenhouse individuals in July 2013 and
placed into potting soil without the addition of rooting hormone or fertilizer. Eight of the stem
cuttings were stripped entirely of their leaves. For the other eight individuals the top most four
leaves were retained. All cuttings rooted successfully, produced new leaves during the
remainder of the 2013 growing season. They all went dormant over the winter and had
produced new leaves as of June 1st 2014.
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Field to greenhouse Control comparisons:

Field and greenhouse Control CO2 assimilation:

Light response curves from Field individuals (Figure 17) and greenhouse Control
individuals (from Figures 23 and 24) were compared to investigate species response to baseline
greenhouse conditions.
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Figure 29: Mean photosynthetic light curves for P. occidentalis (Control n=9, Field n=6) and S.
nigra (Control n=2, Field n=4). Measurements were taken in August and September on fully
expanded leaves with healthy color and appearance.

P. occidentalis Field rates were significantly higher than Control (p<0.001, F=54.604,
n=15, MANOVAR) (Figure 29). However, S. nigra Field rates were significantly lower than the
Control (p<0.001, F=29.496, n=6, MANOVAR). S. nigra rates were higher than P. occidentalis in
both Control and Field individuals.

71

15

Amax (µmols/m2/s)

12
9
P. occidentalis
S. nigra

6

3
0
Control

Field

Figure 30: Mean Amax (µmols/m2/s). Error bars represent standard variation in treatment
individuals Amax. (P. occidentalis Control n=9, Field n=6, S. nigra Control n=2, Field n=4).

As shown in Figure 30, the Amax measurements of P. occidentalis are very different from
the greenhouse Control and Field treatments. P. occidentalis Amax was 91% higher in the Field
compared to greenhouse Control treatment (p<0.001, n=15, t-test). For S. nigra, Amax was 12%
lower in the Field compared to the greenhouse Control (p=0.017, n=6, t-test). The Amax for S.
nigra significantly higher than that of P. occidentalis for the greenhouse Control (p<0.001, n=11,
t-test). The Amax for S. nigra was also higher than P. occidentalis for the Field individuals, but this
difference was not significant (p=0.480, n=10, t-test).
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Field and greenhouse Control free proline concentration:
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Figure 31: Mean free proline (µmols/g). Error bars represent standard deviation in treatment
individuals. (P. occidentalis Control n=9, Field n=5, S. nigra Control n=5, Field n=4).

Both species had similar relative and absolute levels of free proline. As shown in Figure
31, the free proline concentration for P. occidentalis was higher than S. nigra in the greenhouse
Control and Field treatments. Neither of these differences were significant (Control p=0.153,
n=14, t-test; Wet p= 0.760, n=7, t-test). Free proline mean concentration for P. occidentalis
Field was higher than the greenhouse Control, but the difference was not significant (p=0.759,
n=14, t-test). In S. nigra free proline for the greenhouse Control treatment was higher than that
for the Field treatment, but again the difference was not significant (p=0.472, n=9, t-test).
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DISCUSSION:

The purpose of this study was to produce basic information on the physiology of the
riparian tree species Platanus occidentalis so that it may help inform restoration efforts of
buffer zones in riparian ecosystems. The emphasis of the study was on the comparative water
use between P. occidentalis and the more commonly planted and more thoroughly studied
Salix nigra. Currently, S. nigra is frequently the only tree species used in riparian buffer
restoration in the Southeastern U.S. The addition of a second species with the potential to be
equally suitable could help increase diversity to the restoration process and thus aid towards a
more complete restoration of a riparian system.
To fulfill the above mentioned goal, two riparian species, Platanus occidentalis and Salix
nigra, were compared in terms of their water use, CO2 assimilation, osmoregulation, and
specific leaf area (SLA) under field conditions.

Field study:

Sap flux:

Objective 1:

To determine and compare differences in sap flux in the outermost 30 mm of xylem of P.
occidentalis and S. nigra co occurring in an urban riparian zone over the 2013 growing season.

This objective was met and differences in sap flux among the two species were
compared over the 2013 growing season. Although the sample size was small (eight trees) and
the data collection was interrupted due to power failures on multiple occasions, sap flux was
measured and compared in P. occidentalis and S. nigra for multiple sustained periods during
the months of June through October 2013.
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Prediction 1:

For trees of similar light exposure, because of its higher leaf area index, Platanus occidentalis
will have higher overall rates of sap flux than Salix nigra.

During the months of June and July Platanus occidentalis did have higher overall rates of
sap flux (Figure 1). However, during August, September and October Salix nigra had higher
overall rates of sap flux. When scaled up, the data suggest that overall (stand level water use)
was higher in S. nigra than in P. occidentalis, and that the two species differed in their rates of
sap flux over the growing season (Figure 3).

Sap flux seasonal overview:

The mean monthly sap flux for P. occidentalis was highest in June and declined
noticeably each month throughout the duration of the study (Figure 1). For S. nigra, sap flux
was also highest in June, but then fell to its seasonal low in July, followed by a 25% increase in
August and then slight decreases in September and October (by 6 and7% respectively; Figure
1). P. occidentalis sap flux decreased four times as much as S. nigra during this time period
(June through October 2013), falling 25% from August to September and then 32% from
September to October. Because S. nigra increased from July to August and then decreased at a
slower rate than P. occidentalis from August through October, P. occidentalis had higher sap
flux relative to S. nigra in June and July and then lower sap flux relative to S. nigra in August,
September and October of 2013. Previous literature has reported peak sap flux in a variety of
tree species spanning April through August in the Southeastern U.S. (Olofinobinu and Oladele,
1997; Oren and Pataki, 2001; Novick et al., 2009) as well as Germany (Gerbauer et al., 2008),
and for a Platanus cultivar (Platanus x acerfolia Aiton, Wild) in an urban area in Utah (Bush et
al., 2008). The seasonal low in S. nigra sap flux was recorded for July, which does not agree with
other literature for Salix growing in Arizona riparian zones (Schaeffer et al., 2000), short
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rotation woody crop plantations in Sweden (Cienciala and Lindroth, 1995), or to Salix growing in
Solvay waste beds (CaCl2 in water from soda ash production) in NY (Mirck and Volk, 2009).
Because measurements were continuous, mean monthly sap flux values include both
day and night time transpiration. As seen in this study, the contribution of night time water use
could be significant (see discussion below). To better represent and compare sap flux capacity
across species and across months, mean daily peaks (which do not include night time
transpiration) were graphed (Figure 2) and analyzed separately (Table 2).
Patterns in mean daily sap flux peaks (Figure 2) are similar to the patterns seen in
overall monthly sap flux (Figure 1). The most notable similarity is that an inflection occurs
between July and August, in which mean daily peaks of sap flux for P. occidentalis go from being
greater than those of S. nigra to less than those of S. nigra. There was also one notable
contrast. The mean sap flux of P. occidentalis declined each month from June to October, but
its mean daily peak sap flux increased from September to October by 68% (Figure 2). Even with
this large increase by P. occidentalis, S. nigra still had a higher mean daily peak sap flux rate
during October. No other examples of species growing side by side have been found whose
water use patterns have changed in relation to one another during the growing season.

Sap flux and abiotic factors:

Individual real time measurements of sap flux and onsite weather conditions
corresponded strongly to one another. Photosynthetic photon flux density (PPFD) correlated
strongly with sap flux in both species, with an r value of 0.68 for P. occidentalis and an r value of
0.72 for S. nigra (p<0.001 for each; Figure 9). For P. occidentalis monthly sap flux means
decreased in line with PPFD (Figure 1 and 6), and P. occidentalis peak flux increased in October
along with peak PPFD (Figure 2 and 7). This is notable, for these autumn increases in Platanus
daily peak sap flux and daily peak solar PPFD were unexpected. Co-occurring S. nigra mean sap
flux appeared to fluctuate more closely with VPD. Vapor pressure deficit means and daily peaks
increased from July to August along with S. nigra mean and peak sap flux rates (Figure 1, 2, 4,
and 5). This correspondence was also reflected in the correlation coefficient, which for S. nigra
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and VPD was stronger (r=0.77) than with PPFD (r=0.72; Table 5). Vapor pressure deficit also
correlated strongly with P. occidentalis sap flux, returning an r value of 0.68 (p<0.001, Table 5;
Figure 8). The correlations of both species’ sap flux to these abiotic factors were strong and
significant (p<0.001). These findings are consistent with what has been found in other studies
for a variety of tree species (Mirck and Volk, 2009; Cienciala and Lindroth 1995; Grainer et al.,
1996; Hernandez-Santana et al., 2011; Reyes-Garcia et al., 2012). The specific mechanisms
behind the difference between species in both their month to month sap flux rates and the way
the fluctuations of these rates appear to be more closely related to fluctuations in different
abiotic factors warrants further investigation.
As noted above, the two species differed in the strength with which they responded to
VPD. The correlation coefficient between sap flux and VPD for P. occidentalis was lower than
that for S. nigra (r=0.68 for P. occidentalis versus r=0.77 for S. nigra; Figure 8). A strong
relationship between atmospheric moisture and water use has also been found in a wide range
of vascular plants with correlation coefficients reported in the literature varying from r=0.62 to
0.86 (Granier et al.,1996; Granier et al., 1996; Snyder et al., 2003; Reyes-Garcia et al., 2012). In
the present study, the relationship of sap flux to light (PPFD) was similar across the two riparian
species (S. nigra r=0.72 and P. occidentalis r=0.68, Figure 9). The combined results for VPD and
light (PPFD) suggest that S. nigra reacts more strongly to changes in VPD than does P.
occidentalis. It also suggests S. nigra reacts more strongly to changes in VPD than to changes in
light. This close association in S. nigra to VPD was likely responsible for overall monthly sap flux
variability, for during the wettest months of June and July S. nigra sap flow rates were lower on
average than those of P. occidentalis. During the dryer months of September and October S.
nigra sap flux rates were higher, on average, than P. occidentalis. August data for the dryer part
of the month also shows S. nigra sap flux rates higher than P. occidentalis, which further
supports this finding. However, the sap flux rate presented for P. occidentalis in August is for a
single individual. This difference in response to VPD along with the differences in sap flux rates
by month may be a result of physiological differences between the two species.
Although the differences discussed above have been observed, overall, Platanus
occidentalis and Salix nigra had similar patterns and volumes of peak sap flux when the
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intraspecies variation is considered (p>0.05, MANOVAR, Table 2). Notable amounts of nocturnal
sap flux were detected in both species which, although not uncommon (Snyder et al., 2003;
Daley and Phillips, 2006), may go undetected, especially if seasonal variation in nocturnal water
use occurs and the sap flow system only collects night time values to calibrate zero flow over a
limited time frame (see methods). In the present study nocturnal flow appeared to be limited
to mid and late autumn, during which time new leaves were observed to be produced in both
species. This may indicate that nighttime flux may be related to phenology. In this case, new
leaf emergence (a change that is typically associated with spring).

Diurnal sap flux monthly patterns:

Diurnal charts were generated plotting mean sap flux for each species versus vapor
pressure deficit. VPD was chosen over PPFD due to variation between species correlation
(Figure 8) as well as variation in nocturnal VPD levels. Solar PPFD was also a strong driver of sap
flux in our study, as was previously described, but PPFD consistently fell to minimal levels at
night and was omitted from the charts in order to make the remaining trend lines more
discernible. Water use in plants is known to follow abiotic factors, such as temperature,
humidity, light and water availability (Granier et al., 1996; Snyder et al., 2003; Mirck and Volk,
2009; Reyes-Garcia et al., 2012). The study year of 2013 presented patterns of temperature,
light and water availability that could be considered abnormal for this study site in North West
Georgia. The months of June, July, and August were all cooler, cloudier, and had more
precipitation compared to the multi-year average (See Methods). Temperatures for September
and October were in line with the multi-year averages, but these two months had fewer cloudy
days and less precipitation than the multi-year average. For this reason the patterns of sap flux
observed in this study may differ from their long term seasonal averages.
In June 2013 P. occidentalis and S. nigra had very similar diurnal patterns of sap flux, but
on average P. occidentalis used slightly more water, (figure not included). The highest mean sap
flux rates for both species were recorded in June (0.59 L/dm2 /hr for P. occidentalis and 0.53
L/dm2 of sap wood per hr for S. nigra). Mean peak flux rates (of 5.5 L/dm2/hr for P. occidentalis
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and 5.2 L/dm2/hr for S. nigra) were also highest this month. Peak rates were reached during
June when day length was longest, solar radiation is theoretically at its highest (Anderson,
1966), rain fall was 104% above average (Figure 11), and leaves were fully expanded but
relatively fresh (< 2 months). Newer, fully expanded leaves have been shown to transpire and
perform photosynthesis at higher rates than older leaves of the same species (Reich et al.,
1991; Reich et al., 1995; Kitajima et al, 1997). This trend has been shown in temperate and
tropical areas as well as boreal forest. This relationship with age and water use may deteriorate
during senescence (Thimann and Salter, 1979; Field and Mooney, 1983)
In July sap flux decreased from June levels in both species (Figure 2 and 3). Similar to
June the number of days with rainfall and total rainfall volume was above average. July rainfall
was 71% above average, with 218.017 mm recorded in 2013 compared to the multi-year
average of 127.381 mm. This decrease in sap flux may have been related to changes weather
and photoperiod, as June had 14 days with cloud cover compared to July which had 26 reported
by McCollum Field, GA. There were also changes in leaf appearance during July and into August
that may have affected sap flux. These factors included damage from invertebrate herbivores
on both species, growth of white fungal filaments on the surface of some leaf blades of P.
occidentalis, and the appearance of dark spots on the leaf blades of S. nigra, that preceded the
leaf drop that was noted in August. Although the leaf drop was noticed in August, it may have
begun during July. Regular litter removal by grounds maintenance may have obscured such
evidence during July site visits.
In August patterns of sap flux continued to differ among P. occidentalis and S. nigra.
Mean sap flux values for P. occidentalis were lower in August compared to July, but increased
for S. nigra. This inflection leads to S. nigra using more water on average than P. occidentalis for
the remainder of the growing season. Leaf flush that was observed along with leaf damage may
have been responsible for the inflection in relative species sap flux rates. As mentioned, some
P. occidentalis leaves had white fungal filaments on them, and during August S. nigra leaves
were visible on the grass beneath the canopy. There was also new leaf emergence that was
noted in September and this may have also been occurring in the upper canopy of S. nigra
during August was not noticed. No literature was found discussing the physiology of these two
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species that would explain the differences in sap flux or leaf phenology. There were also
changes in weather that occurred from July to August that the species may have responded
differently to. Most notably VPD means and peaks increased from July to August (Table 4) and
S. nigra was shown to follow VPD closer than P. occidentalis (Figure 8). Also rainfall and days
with cloud cover both decreased. Rainfall decreased from July to August by 104 mm (see
appendix Table 6) and days with cloud cover from 26 in July to 20 in August.
In September, P. occidentalis and S. nigra both departed from the expected diurnal
pattern that was exhibited in previous summer months (Figure 13). During September both
species began to show notable amounts of nocturnal sap flux. This nocturnal sap flux seemed to
correspond with fluctuations in VPD. Mean VPD increased from August to September (Table 4)
and again rainfall (Table 6) and days with cloud cover decreased with 9 days in September,
down from 20 in August. The total rainfall for September was below the muti-year mean by
24% (Figure 11). During the month of September S. nigra sap flux rates remained similar to
August rates (see appendix Table 2), and S. nigra continued moving water at a higher rate than
that of P. occidentalis. At times the night time minimum sap flux of S. nigra exceeded the
daytime peak flux rates of P. occidentalis (Figure 14). During this period (September) newly
unfolded leaves were observed on certain individuals of both species (Figure 13a and 13b). It is
this author’s opinion that appearance of nocturnal sap flux can be attributed, in part, to this
autumn leaf flush. Leaf production in trees is known to follow increases in sap flux, but the
studies that note this do so relative to the beginning of their growing seasons, which for
deciduous trees in a temperate forest is spring (Reich et al., 1991; Reich et al., 1995; Kitajima et
al, 1997). Mentions of new leaf emergence in autumn, in a temperate forest seem to be absent
from the literature.
P. occidentalis and S. nigra both continued to show notable amounts of nocturnal sap
flux in October (Figure 15). The relatively high sap flux rates for October were not expected and
are difficult to fully explain. Rainfall decreased from September to October (see appendix Table
6), but the number of days with cloud cover was very similar. The sizable increase in P.
occidentalis mean daily peak flux may have been a result of newly expanded leaves (Reich et al.,
1991; Reich et al., 1995; Kitajima et al, 1997) which were observed (Figure 13b) and very
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apparent after unfolding in early October. There was also senescence of older leaves during this
time, which has been shown to decrease stomatal control and increase water use (Thimann and
Salter, 1979; Field and Mooney, 1983). One of the trees, identified in this study as Platanus #9
(Figure 14b), was closest to the creek and produced a notable amount of new leaves in the last
two weeks of October. Platanus #7 (Figure 13b), with the most sun exposure by its position on
the outside edge of the forest, also produced new leaves but one week earlier. A closer
examination of leaf phenology during this time of the year and its potential association to sap
flux is needed. These two individuals exhibited sap flux peak daily rates that were similar to
those recorded for the same species in August. Although October’s increases in peak flux seem
notable, the consistent decrease in photoperiod as well as the decrease in mean light intensity
resulted in the mean hourly sap flux for P. occidentalis being lower than the mean for
September (Figure 1 and 6). Again, the hourly means for October were lower than those
calculated in September for both P. occidentalis and S. nigra (Figure 1).

Diurnal sap flux patterns overview:

The variation between species in the volume and timing of their sap flux may indicate a
dichotomy in weather related, species specific trends. To summarize the observed dichotomy:
P. occidentalis had higher sap flux rates relative to S. nigra in the months of June and July,
which were wetter months with above average rainfall. However, S. nigra had higher sap flux
rates relative to P. occidentalis in the months of August, September, and October, which were
drier when compared to the other months in 2013 and to the multi-year means for previous
Septembers and Octobers (Figures 1, 2, 10, and 11). S. nigra also had higher sap flux rates than
P. occidentalis during August, but again data for this month was incomplete.

Season long trends of P. occidentalis and S. nigra:

The two species, P. occidentalis and S. nigra, are known to differ in various aspects of
their leaf morphology, including their stomatal placement and their leaf surface features such
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as trichome density and blade shape (McLeod and McPherson, 1973; Wrus and Touveng, 1987).
The leaves of S. nigra are amphistomatic and are glabrous or nearly so. The leaves of P.
occidentalis are pubescent and have their stomata only on the abaxial side of the leaf blade.
Amphistomatic leaves have been shown to have higher transpiration rates than hypostomatic
leaves of similar thickness (Olofinobinu and Oladele, 1997). Trichomes are known to increase
leaf boundary layer (Faun, 1986), which has been shown to decrease the moisture gradient
between the inner and outer leaf surface thus slowing transpiration (Fahn, 1986; Ball et al.,
1987). These differences in morphology might account for the lower water use of P.
occidentalis during the dryer months. However, these differences would also have been present
during the wetter months and do not explain why P. occidentalis sap flow rates would outpace
S. nigra during those months. These differences in leaf morphology may explain, in part, why P.
occidentalis did not correlate as strongly to VPD as did S. nigra (Figure 8). The change in relative
water use patterns between the species seems to correspond with a change in weather
patterns and brings about the question of whether or not there is another unseen difference
between the two species such as their ability to regulate stomatal aperture or water uptake by
roots during wet conditions, or both.

Sap flux and restoration:

If the observed change in relative water use patterns between the species is indicative
of actual long term species behavior, then there are some implications to riparian buffer design.
In riparian systems the ability of vegetation to dewater saturated soils is instrumental in
maintaining soil matrix stability and limiting mean sediment loss, as well as preventing stream
bank failures and other types of landslide events (Collinson and Anderson, 1996). Because this
hydrological effect on slopes, which are susceptible to slides, is more pronounced during
periods of precipitation or upstream input, the evidence that P. occidentalis uses more water
than S. nigra during the rainier months of June and July may indicate that P. occidentalis is able
to better dewater and thus stabilize saturated soils. Not only is this important in riparian
systems, but there are implications for any forested slopes in wet areas along with short
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rotation woody crop operations for which P. occidentalis is well suited (Devine et al., 2004). The
increases in S. nigra sap flux over P. occidentalis during the drier months of August, September
and October, along with the strong relationship of S. nigra sap flux to VPD (Figure 8), could
imply that water use by S. nigra would have a stronger impact on water availability to
surrounding vegetation as well as stream flow (Smith et al., 1991; Rood et al., 2003) As stream
bank stability is an important aspect of conservation and restoration, more investigation is
warranted on the patterns of water use and mechanisms behind them.

Field CO2 assimilation:

Objective 2:

To compare CO2 assimilation rates among trees of P. occidentalis and S. nigra co-occurring in
an urban riparian zone over the 2013 growing season.

Daily courses of CO2 assimilation rates were collected for P. occidentalis and S. nigra cooccurring at the field study site during June, July, and August 2013. However, due to
inconsistencies in natural light exposure across the canopy during the day, much of the data
was found to be non-representative or did not lend itself to a comparison among species. Using
a Licor 6400 with variable photon flux LED chamber, photosynthetic light curves were therefore
collected on a subsample of the two species on two days in August. These measurements
allowed for the comparison of patterns of CO2 assimilation in its response to varying light
intensity as well as identify peak assimilation rates for both species. These measurements were
made in the same fashion as those made on greenhouse individuals.

Prediction 2:

Due to a thicker average leaf blade in P. occidentalis (219 µm vs. 171 µm; Carpenter and Smith,
1981), CO2 assimilation will be higher per unit leaf area in P. occidentalis than S. nigra.
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The two species had very similar light curves (p= 0.81, F=0.062, n=10 MANOVAR, Figure
17). Contrary to prediction, in the study’s findings S. nigra had, on average, a 10% higher peak
CO2 assimilation (Amax) than P. occidentalis but the difference was not significant (p=0.480,
n=10, Figure 18). Furthermore, contrary to the literature values, which formed the basis for the
prediction, P. occidentalis was found to have a higher specific leaf area (SLA) than S. nigra which
is traditionally negatively correlated with leaf thickness (Wilson et al., 1999).

Field light response curves:

P. occidentalis and S. nigra had similar CO2 assimilation rates for field individuals
(p=0.810, F=0.062, n=10, MANOVAR, Figure 17). Light curves generated for both species
showed nearly identical light compensation points, 10-17 µmols/m2/s PPFD but different light
saturation points. In P. occidentalis half of the Field individuals reached light saturation around
1000 µmols/m2/s PPFD and half around 1500 µmols/m2/s PPFD. However in S. nigra all
individuals reached light saturation around 1500 µmols/m2/s PPFD. Overall no notable
differences were seen between P. occidentalis and S. nigra light response curves

Field peak CO2 assimilation rate, Amax:

Peak photosynthetic rate, Amax, for S. nigra was higher on average than P. occidentalis
(8.618 vs. 7.708 µmols/m2/s) (Figure 18). However, the highest value returned for a Field
treatment, (11.50 µmols/m2/s) came from a P. occidentalis individual. The values measured
were well within the fairly wide range of values reported in the literature (.5-20 µmols/m2/s) for
other temperate deciduous trees (Curtis and Wang, 1998; Kosugi et al., 2003), including those
for P. occidentalis (Tschaplinski and Norby, 1991; Kosugi et al., 2003) and S. nigra (Beerling,
1996; Pezeshki et al., 2007). The difference in mean Amax between species was not statistically
significant (p=0.480, n=10, t-test). The investigation into CO2 assimilation of the individuals of
the field study was limited and exploratory. It was undertaken with the intent of better
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understanding how co-occurring P. occidentalis and S. nigra compared in a riparian buffer and
to have a comparison to the greenhouse Control treatment. The comparison of the Field
individuals and greenhouse Control data will be discussed later in more detail.

Field free proline concentration:

Objective 4:

Determine proline concentrations in P. occidentalis and S. nigra growing in an urban riparian
area under natural environmental conditions. Because environmental factors may vary in
opposing directions and in a somewhat unpredictable manner, data collection on variation in
proline production among species at the riparian field site will be exploratory.

This objective was met by collecting and testing leaf samples from a subsample of P.
occidentalis and S. nigra cohabitating in our field study site. Fully expanded leaves of healthy
appearance and equal sun exposure were selected. P. occidentalis leaves had 68% more free
proline than leaves of S. nigra for the Field treatment when the samples were adjusted by way
of excluding a single high value S. nigra sample (Figure 19). This difference, although notable,
was not statistically significant even after excluding the high value sample (p=0.465, n=9, t-test).
The one S. nigra sample that was excluded had free proline concentration 4 standard deviations
higher than the treatment mean, and thus it was excluded from the “Field Adjusted” t-test
referred to above. This high concentration sample had been processed according to the
protocol laid out by Bates et al., 1973 and was included in the regular Field t-test because it was
in line with levels measured for S. nigra in the Mite Infested treatment. It would not be
improbable that a Field treatment leaf would come in contact with spider mites or other
herbivores. Overall, free proline levels were well within the reported range for other plants
(Bates et al., 1973). When all of the samples are included, however, the comparison of free
proline between species is quite different. Whereas before, P. occidentalis had 68% more free
proline, when all the samples are included, S. nigra has 47% more free proline than P.
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occidentalis. This difference was still not significant (p=0.463, n=10) but the transformation of
the data set by one individual seemed noteworthy.

Field average leaf area per branch:

P. occidentalis on average had 139% greater leaf area per meter of stem than S. nigra
(Figure 17). This difference was statistically significant (p<0.001, n=18, t-test). The average leaf
area of 1 meter stem lengths was calculated as a way of inferring the leaf area of the trees’
canopies. These types of sample measurements can be used to scale up leaf area index (LAI).
The field study site individuals are irregularly sized and intermingled in a way that would make
scaling up to LAI by indirect methods complex and fraught with error. Direct methods are time
consuming and also fraught with error (Weiss et al., 2004). For these reasons LAI was not
calculated for our study species. The higher leaf area of P. occidentalis stems could indicate that
Sycamore trees have a higher leaf area index, (LAI: the one sided leaf area per ground area),
and thus are better able to shade their understory (Myneni et al., 1997; Gower et al., 1999).
Shading is an important function of a riparian forest as it lends to stability in air temperature
and humidity and stabilizes and lowers average temperature and algae growth within a body of
water (Chen et al., 1999; Carlson and Arthur, 2000; Groffman et al., 2003). This lowering of
temperature and algae growth can have an effect on the mosquito population. Increases in
water temperature have been shown to speed egg-larva-pupa transition while increases in light
encourage algal growth which is a primary food source for mosquito larvae (Brown and
Richardson, 1968; Walker et al., 1988; Merritt et al., 1992). Increase in water temperature is
also closely tied to a decrease in dissolved oxygen concentration (Matthews and Berg 1996;
Booth et al., 2002). As oxygen concentrations decrease so does fish and amphibian activity,
which in turn may reduce predation pressure on mosquito populations (Brett, 1972; Matthews
and Berg, 1997).
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Field specific leaf area:

Objective 5:

Determine specific leaf area in P. occidentalis and S. nigra growing in an urban riparian area
under natural environmental conditions.

This objective was met by collecting a sample of branches from a subsample of the P.
occidentalis and S. nigra individuals growing in the Field study site and calculating their leaf
area and oven dried weight. Branches of relatively even light exposure were chosen to be
measured. Specific leaf area was calculated for P. occidentalis and S. nigra growing in an urban
riparian zone.

Prediction 5:

Based on other literature that has reported differences in leaf thickness, P. occidentalis will
have a lower SLA (m2/kg dry mass) than S. nigra in the field trial.

To the contrary, our data showed P. occidentalis had a higher mean SLA than S. nigra for
Field individuals of equal light exposure. On average P. occidentalis SLA was significantly higher
than S. nigra (p<0.001, n=16, t-test, Figure 21). This was not expected as one early study had
reported P. occidentalis had a thicker average leaf blade than S. nigra (Carpenter and Smith,
1981) and average leaf thickness is traditionally inversely correlated with SLA (Wilson et al.,
1999). The reason for this discrepancy is unclear, but may be related to individual leaf blade
average area which is much higher in P. occidentalis. Leaf blade thickness measurements made
by Carpenter and Smith (1981) may have reported Platanus as being thicker than Salix due to
the inclusion of leaf surface features such as trichomes. A study that looked at techniques and
errors associated with measuring SLA suggest differences in SLA are most often attributed to
variations in leaf density or relative carbon content (Witkowski, and Lamont, 1991).
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For the Field individuals specific leaf area (SLA) was 25% higher in P. occidentalis than in
S. nigra (Figure 21). This difference was statistically significant (p<0.001, n=16, t-test). Because
SLA is known to be variable within species and dependent on abiotic conditions (Lin and Lin,
2010; Dwyer et al., 2014), it is difficult to compare these results to literature values unless
literature can be found that compares both species under defined conditions. As conditions at
the site should be similar for all individuals and the branches chosen were all judged to have
equal light exposure, the comparison between species should be representative for our site
conditions. Variations tied to light exposure, leaf health, and individuals are likely present
within our sight. The results of these two sets of measurements indicates that in our site, on
average, P. occidentalis produces 139% more leaf area per meter of stem than S. nigra but that
S. nigra leaves had 33% more dry organic matter per unit of leaf area than P. occidentalis. This
is an important measure, as SLA has been positively correlated to photosynthetic rates as well
as nitrogen content (Curtis et al, 2000; Mediavilla et al., 2001).
SLA has been used with LAI in other studies to estimate organic matter input and CO2
assimilation for an area of vegetation (Cadisch and Giller, 1997; Post et al., 2001). Organic
matter deposition has been shown to slow mean surface runoff and lower sediment erosion
(Petterson and Cummins, 1974; Gessner and Schwoerbel, 1989; Hefting et al., 2005). Organic
matter from terrestrial sources, especially forest litter, is known to be important to fresh water
ecosystems and is often essential for the energetics of 1st, 2nd, and 3rd order streams (Cummins
et al., 1983; Webster et al., 1995; Hefting et al., 2005). Although the SLA is 25% higher for
sycamore than for black willow (Figure 21), the much larger leaf area per stem (239%) (Figure
20) would indicate that P. occidentalis trees at our study site have the potential to add 79%
more organic matter and assimilate more CO2 than S. nigra trees of similar size. As the
importance of organic matter deposition in riparian systems is apparent, more investigation is
warranted in this area.
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Greenhouse study:

Greenhouse CO2 assimilation:

Objective 3:

Subject plants of P. occidentalis and S. nigra grown in a greenhouse to treatments of inundation
(“Wet”) and drought (“Dry”) and determine differences among species in their light response
curves and mean maximum CO2 assimilation rate (Amax) in response to each treatment.

This objective was met and the study compared differences in greenhouse treatments
by using a Licor 6400 with variable photon flux LED chamber, photosynthetic light curves were
made on a subsample of the two species on two days in August. These measurements allowed
patterns of CO2 assimilation to be compared in response to varying light intensity, as well as,
identify peak assimilation rates of plants of both species that were subjected to Dry, Wet and
Control treatments. These measurements were made in the same fashion as those made on
Field individuals to allow for further comparison.

Prediction 3:

Because previous studies have reported an adverse effect of drought on growth of S. nigra and
have also reported drought resistance for P. occidentalis, the max CO2 assimilation rate, Amax,
will be more greatly reduced in saplings of Salix nigra than saplings of Platanus occidentalis
subjected to drought.

Findings were consistent with previous studies, although no statistically significant
differences were found between treatments within species (Table7b). P. occidentalis Amax
decreased 6% in response to the Dry treatment, while S. nigra decreased by 23%. Although our
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findings are consistent with prediction 3, all P .occidentalis mean Amax may have been
suppressed for reasons discussed in methods.

Greenhouse light response curves:

The following comparisons are based on mean light response curve values (Figure 23
and 24). For both species the majority of the Licor 6400 light response curves that were
generated reproduced the expected pattern (Björkman, 1981; Ogren, 1993). All individuals had
light compensation points well below 50 µmols/m2/s PPFD. Four P. occidentalis individuals (2
Dry, 1 Control and 1 Wet) reached light saturation and Amax at 200 µmols/m2/s PPFD, and for
these individuals light rates at 1500 µmols/m2/s PPFD were lowered by 10-28% from their Amax.
Seven individuals reached their Amax at 500 µmols/m2/s PPFD. Two were S. nigra (1 Dry, 1
Control), and five were P. occidentalis (2 Dry, 2 Wet, 1 Control). These seven individuals did not
show as much CO2 assimilation rate depression at 1500 µmols/m2/s PPFD and were only
reduced by 2-12% from their Amax. An exception was one P. occidentalis Dry individual whose
1500 PPFD assimilation rate was depressed by 27% from its 500 PPFD Amax. The remaining 44
individuals recorded their Amax at 1000 or 1500 µmols/m2/s PPFD.
Light response curve comparisons were inconclusive statistically because of relatively
low sample size and the high degree of variation within treatment groups. This intratreatment
variability included both the absolute range of photosynthetic rates recorded, as well as the
light intensity to which each rate corresponds. For our study 55 light curves were deemed
usable. Certain logistical problems exist that make it difficult to increase the sample size. For
this reason future use of light response curves may yield more useful information with more
statistical value if the range of light intensities are narrower and focus on either light
compensation points, rate of response to light, or light saturation, but not all three.
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Between species comparisons:

P. occidentalis had lower CO2 assimilation rates than S. nigra across all greenhouse
treatments. It should be noted that all P. occidentalis greenhouse treatments seem depressed
compared to our Field treatment and previous literature (Oberbauer and Oechel, 1989). S.
nigra assimilation rates (Figure 24) were three times higher than those of P. occidentalis (Figure
23) for both the Control and Wet treatments. These differences were statistically significant
(Control; p=0.025, F=6.236, n=11, Wet; p<0.001, F=29.496, n=17 MANOVAR). For the Dry
treatments S. nigra rates were twice as high as those of P. occidentalis. This difference was also
significant (p<0.001, F=54.604, n=17 MANOVAR). The differences between species were very
evident and would indicate that, per unit of leaf area, S. nigra was able to assimilate more CO2
than P. occidentalis regardless of soil moisture availability. Our study found S. nigra to have a
lower SLA which has been shown to have an inverse relationship with CO2 assimilation (Curtis et
al, 2000; Mediavilla et al., 2001). However, the 25% difference in SLA does not seem extreme
enough to cause a two to three fold increase in assimilation as was observed between species.
It is this author’s opinion that all P. occidentalis individuals were depressed in their ability to
photosynthesize for reasons discussed in methods.

Platanus occidentalis:

For P. occidentalis there were no apparent differences between greenhouse moisture
treatments when assimilation rates were compared by way of photosynthetic light response
curves (Figure 23). There was a small but visible increase in light response curve rates in the
Wet treatment over the Control but this difference was not significant (p=0.444, F=0.611, n=21
MANOVAR). The difference between P. occidentalis Control and Dry treatments was minuscule
and not statistically significant (p=0.87, F =0.028, n=21 MANOVAR).
P. occidentalis mean photosynthesis measurements were inconclusive and suspect.
Sample sizes were relatively small, and intratreatment variation was high. For example each
treatment (Dry, Wet, and Control) had a single individual whose max photosynthetic rate was
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below 2 µmols/m2/s and multiple individuals above 5 µmols/m2/s. In addition, light saturation
for individuals of both species was reached at different light intensities that ranged from 200 to
1500 µmols/m2/s PPFD. This amount of variation and seemingly low assimilation values for the
P. occidentalis greenhouse treatments is confounding.

Salix nigra:

For S. nigra photosynthetic light response curves there were apparent differences
between the greenhouse Dry treatment and the greenhouse Control and Wet treatments
(Figure 24). The mean light response curves for the Control and Wet treatments on average
produced higher assimilation rates than the Dry treatment, but the differences in the curves
were not significant (Control; p=0.280, F=1.468, n=7, Wet; p=0.082, F=3.946, n=10 MANOVAR).
Although sample size for the Control was extremely small due to data exclusion, the few light
response curves available for S. nigra appear to indicate that there is a response to the Dry
treatment, but again this response is not statistically significant. The S. nigra Wet treatment
light curves were slightly lower than the Control, but the difference was negligible (p=0.912,
F=0.014, n=7 MANOVAR).

Greenhouse peak CO2 assimilation rate Amax:

The following comparisons are between the mean Amax achieved for each treatment
group during the measuring of the light response curves discussed above (Figures 23 and 24).
The majority (44) of the recorded peak rates were obtained at 1000 PAR or 1500 µmols/m2/s
PPFD. However, some (11) of the peak rates were obtained at or below 500 µmols/m2/s PPFD.
Each individual curve is responsible for one peak rate that has been used to calculate the mean
Amax for that treatment. Treatment means are compared and t-test p values are reported.
The mean Amax analysis allowed for a simplified picture of changes or differences in
photosynthetic rates between treatments and across species as compared by the analysis of
the light response curves. Although light response curves allow for a more complete picture of
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the photosynthetic patterns for an individual or treatment group, the inclusion of the lower end
measurements that are a part of a light response curve make variations in the upper range
more difficult to discern. This is compounded by the evidence that maximum CO2 assimilation
rates may occur at a range of PPFD intensities, and the analysis of response curves looks not
only at the range of Amax, but it also analyzes patterns of assimilation response to specific
PPFD’s. This means that treatments in which individuals may have similar increases or
decreases in the range of photosynthetic rates may appear to have artificially more
intratreatment variation because there may be variation in the specific input variables (PPFD) to
which the individual means correspond. Because our study was primarily interested in
differences in Amax (or photosynthetic capacity) between species and gain or loss of this capacity
in response to water stress treatments, it is this author’s opinion that the comparison of mean
Amax are more relevant this study than that of light response curves. Furthermore, as this study
is primarily interested in these species roles and abilities within a riparian forest, it is this
author’s opinion that specific focus should also be placed on the analysis of the low end of
these measurements, such as light compensation points. Specifically, future research should
measure and compare the variation in light compensation points between these two species as
well as any response the compensation point may have to water stress treatments. Analysis of
low light CO2 assimilation could better elucidate shade tolerance of these two species, which
has implications in forest succession and species ability to persist and repopulate in the absence
of disturbance.

Between species comparison:

P. occidentalis Amax values were lower than S. nigra Amax values in all greenhouse
treatments. The S. nigra Control treatment produced an average Amax that was 231% higher
than P. occidentalis Control treatment mean Amax (Figure 24). This difference was extreme and
significant (p<.001, n=11, t-test). S. nigra Dry treatment mean Amax were also found to be
significantly higher than the P. occidentalis Dry treatment (p=.047, n=17, t-test), and the mean
Amax for the S. nigra Wet treatment was 169% higher than the P. occidentalis Wet treatment
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mean Amax (p<0.001, n= 17, t-test; Figure 25). This data indicates that S. nigra is capable of
assimilating more CO2 per unit of leaf area than P. occidentalis, regardless of soil moisture
availability. As mentioned earlier, P. occidentalis photosynthesis measurements are lower than
expected, inconclusive, and suspect.

Platanus occidentalis:

The P. occidentalis Wet and Dry treatments moved Amax in opposite directions when
compared to the Control. The Dry treatment Amax was slightly (6%) lower than the Control while
the Wet treatment was slightly (3%) higher than the Control but neither difference was
significant (Control vs. Dry p=0.515, n=21, t-test; Wet vs. Control p=0.304, n=21, t-test, Figure
25). The results indicate that P. occidentalis CO2 assimilation has no response to inundation or
drying. It is generally accepted that soil drying negatively impacts CO2 assimilation, specifically
in C3 photosynthesis plants, and because our data shows CO2 assimilation rates for all P.
occidentalis greenhouse treatments, including the Control, being much lower than the rates for
P. occidentalis Field individuals, it is this researchers opinion that P. occidentalis greenhouse
CO2 assimilation rates are not representative of actual species trends.

Salix nigra:

Our data suggest that inundation has no negative impact on S. nigra CO2 assimilation
(Figure 25) (Control vs. Wet p>0.05, n=5, t-test). Regarding soil drying, the S. nigra Control Amax
was 30% higher, on average, than the Dry treatment but this difference was not statistically
significant (p=0.209, n=7, t-test). The S. nigra Wet treatment was 27% higher on average than
the Dry treatment but again the difference was not different (p=0.077, n=10, t-test). Although
this difference in means was less and the standard deviation of the Wet treatment was actually
greater than that of the Control, the p value returned was still much lower because of the
increase in sample size. Therefore, it is this author’s opinion that S. nigra Dry treatment CO2
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assimilation was actually depressed by water deprivation and it is the low sample size for S.
nigra Control that prevents a significant p value.

Greenhouse free proline concentration:

Objective 3:

Subject plants of P. occidentalis and S. nigra grown in a greenhouse to treatments of inundation
(“Wet”) and drought (“Dry”) and determine differences among species in their response to
each treatment (“Dry” or “Wet”) in terms of free proline concentration.

This objective was met by collecting and testing leaf samples from a subsample of P.
occidentalis and S. nigra from each greenhouse treatment. Leaves of healthy appearance were
selected.

Prediction 3:

Because in many plants proline production may be used as a mechanism of osmoregulation
(decreasing plant water potential in order to access more water), for saplings of both species
subject to drought, there will be a greater relative increase in free proline concentration in P.
occidentalis saplings compared to saplings of S. nigra. Because the pattern for free proline
concentration as an inundation response is yet unclear, response to this variable and the data
collection will be exploratory.

The prediction regarding the relative free proline response appears to have been
incorrect. No significant differences were found between Dry, Wet, or Control of either species
(Tables 8). Furthermore the increase in free proline in response to the Dry treatment was
greater in S. nigra (102%) than it was in P. occidentalis (24%). S. nigra also showed a very large
increase (444%) of free proline in response to spider mites while P. occidentalis free proline
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decreased 52%. This may indicate that S. nigra uses increases in free proline as a response to
stress more so than P. occidentalis.

Between species comparisons:

P. occidentalis and S. nigra were noticeably different in regards to free proline
concentration response to treatments (Figure 26). Free proline concentration in S. nigra was
20% lower than in P. occidentalis for Control treatments. This difference was not significant
(p=0.153, n=14, t-test). For the Dry treatment S. nigra had levels 29% higher than P. occidentals.
This difference was significant (p=0.047, n=26, t-test) and it should be noted that S. nigra went
from 20% lower than P. occidentalis in the Control to 29% higher for the Dry treatment. For the
Wet treatment P. occidentalis free proline concentrations were 14% higher than S. nigra (Figure
26). This difference was not significant (p=0.760, n=11, t-test) and is very similar to the Control
in both magnitude and comparative amounts. This is evidence that inundation does not cause a
response in free proline in either species. The response of free proline concentration to mites
was extreme in the leaves of S. nigra resulting in a concentration 738% higher than P.
occidentalis Mite Infestation treatment (p<0.001, n=9, t-test; Figure 27). The disparity in
concentrations is due to S. nigra increasing 444% from its Control while P. occidentalis
decreased by 52% from its Control group. The dichotomy between species in their response to
the Mite Infestation treatment is obvious and the magnitude of the S. nigra response is
extreme. This brings about the question of whether or not the two species are responding to
the mites with a different physiological mechanism.

Platanus occidentalis:

The P. occidentalis Dry treatment saw an increase in mean free proline of 24% over the
Control but this was not significant (p=0.227, n=23, t-test). The Wet treatment and Control
treatments also had similar free proline concentrations (p=0.9256, n=18, t-test). Free proline
concentrations decreased by 52% in the P. occidentalis Mite treatment from Control treatment
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levels. The difference between these two groups barely missed the threshold for significance
(p=.051, n=18, t-test). Overall, P. occidentalis free proline concentration seems to increase
slightly when soil moisture is limited and decrease by half in the presence of spider mites but
does not appear to respond at all to inundation.

Salix nigra:

Free proline concentration in the S. nigra Dry treatment increased 102% over the
Control but the difference was not statistically significant (p=0.115, n=17, t-test). The reason
the 102% increase in the Dry treatment’s proline concentration was not significant is due to the
large intratreatment variation within the S. nigra Dry treatment but there were several
individuals in the Dry treatment with much higher values than any concentrations seen in the
Control treatment. Therefore it is this researcher’s opinion that there is a measurable increase
in Proline in response to the Dry treatment. The Dry treatment samples that had similar
concentrations to the Control and the p value >0.05 could be an indication that the trees in the
Dry treatment were not all equally stressed. The Wet treatment free proline concentration
increased 11% over the control but the increase was not significant (p>0.05, n=7, t-test). The
Mite Infestation treatment showed a dramatic response in free proline concentration with
levels 444% higher than the Control treatment. This difference was significant (p<0.001, n=19,
t-test) and indicates mites have a dramatic effect on free proline concentrations in S. nigra
leaves.

Field to greenhouse Control comparisons:

Field and Control CO2 assimilation light response curves:

P. occidentalis and S. nigra had very contrasting comparisons between Control and Field
light response curves (Figure 29). The Control treatment for S. nigra had moderately higher
rates that the S. nigra Field treatment. Although not extreme, the difference was statistically
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significant (p<0.001, F=29.496, n=11, MANOVAR). This increase in assimilation rates was
expected, as the greenhouse Control treatment was designed to mimic optimum growing
conditions. Unlike S. nigra, the Field treatment light response curve for P. occidentalis was
higher than P. occidentalis greenhouse Control. Assimilation rates for P. occidentalis Field were
more than twice those of P. occidentalis control, a decrease which was also statistically
significant (p<0.001, n=17, F=54.604, MANOVAR). A decrease of any kind under optimum
conditions was not expected and the magnitude of the difference again calls into question the
representative nature of the P. occidentalis Control treatment measurements.

Field and Control peak CO2 assimilation rates Amax:

The two species showed distinctly contrasting changes from the Field to Control Amax
comparisons (Figure 30). Amax for S. nigra Field was 25% lower than S. nigra Control. This
decrease was statistically significant (p=0.017, n=6, t-test) and is evidence that the S. nigra
Control plants are experiencing optimum conditions, free of competition. Peak rates for P.
occidentalis Field were more than twice (222%) that of P. occidentalis Control (p<0.001, n=15, ttest). This dramatic difference was anticipated from earlier analysis of the light response curve
data and again is troubling as the Control treatment was meant to mimic optimum conditions,
and thus should have assimilation rates equal to or above those of the Field treatment.
For S. nigra greenhouse Control light response curve means are somewhat higher than
Field values as would be expected under favorable greenhouse conditions. There is also a
relatively small increase in the light response curve values for the S. nigra Wet treatment
compared the Control treatment which results in the Control and Wet treatment mean
assimilation values being higher than those of the Field treatment. This is of interest because
the similarities in the greenhouse Wet and Control curves along with the Field curve being
lower than both of those curves bring about the question of whether or not inundation has any
negative effect on Salix nigra CO2 assimilation.
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Field and Control free proline concentration:

P. occidentalis and S. nigra had similar free proline concentrations when the Control and
Field treatments were compared (Figure 31). P. occidentalis free proline levels increased
marginally (4%) from the Control to the Field treatments. The difference was not significant
(p=0.759, n=14). S. nigra Field treatment mean free proline concentration was 21% lower than
the Control, but again this difference was not significant (p>0.05, n=10). The relative and actual
amounts for free proline concentration seem similar for the Control and Field treatments,
which suggest that the greenhouse Control free proline concentrations are representative of
the natural state of the two species.

Field and greenhouse reproduction by stem cuttings of P. occidentalis:

Objective 6:

Determine success rate of asexual P. occidentalis cuttings placed in potting soil in the
greenhouse as well as in the non-amended soil on the banks of a retention pond. Because there
is little information on P. occidentalis vegetative cuttings the study regarding cutting success
rates will be exploratory.

This objective was met by planting sixteen vegetative cuttings obtained from two
individuals (8 cuttings each) grown in a retention pond on the KSU campus and sixteen cuttings
from sixteen greenhouse individuals (1 cutting each) and determining the survival of cuttings.
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Prediction 6:

Because the greenhouse treatment will be in potting soil and receive water as needed, while
the field treatment will be unassisted in a retention pond, the greenhouse treatment is
expected to have a higher success rate.

All sixteen greenhouse cuttings successfully rooted into their potting media and
produced new leaves the following spring (2014), while only nine of the sixteen cuttings planted
in the field produced leaves the following spring (2014) (Figure 20).
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SUMMARY:
Regarding the suitability of P. occidentalis for use in riparian restoration efforts,
preliminary results indicate no drawbacks regarding water use or water stress tolerance
(drought and flooding). In the field study site, S. nigra used more water than P. occidentalis per
unit of stem cross-section; however this difference was not significant. During the beginning of
the growing season P. occidentalis used slightly more water than S. nigra. In June and July, local
weather was abnormally wet and cool, with rainfall totals twice their means. During these two
months the mean water use of P. occidentalis was greater than S. nigra. Inversely, in August,
September, and October, local weather was drier, with rainfall totals near or below average.
During these months S. nigra used more water than P. occidentalis. In line with these findings,
the sap flux rate of S. nigra was more responsive to fluxuations in vapor pressure deficit than
the sap flux rate of P. occidentalis (S. nigra r=0.77; P. occidentalis r=0.068). Both of the
correlation coefficients were strong and found to be statistically significant. The difference in
strength between them, along with the observed differences in the species’ relative monthly
water use, may imply that during wetter periods P. occidentalis will be more effective than S.
nigra at dewatering soils. If this difference is indicative of other differences in species’
physiology, then implications arise for riparian buffers. Specifically the addition of P.
occidentalis may help to stabilize riparian buffers that are regularly saturated during the
growing season. S. nigra may be more competitive at acquiring water than P. occidentalis
during times of low precipitation. This latter implication could have a negative impact on
surrounding vegetation and stream velocity.
CO2 assimilation data showed no change in Amax means for either species in response to
greenhouse Wet treatments, but the data were inconclusive for Dry treatments. The lack of
change in Amax in response to inundation seems logical, as P. occidentalis and S. nigra are both
riparian species and known to grow with their roots partially submerged in water. Mean Amax
for S. nigra individuals under the Dry treatment was depressed by 30% (8.085 µmols/m2/s for
the Dry treatment compared to 11.50 µmols/m2/s for the Control), but this difference was not
significant (p>0.05, n=7, t-test). For P. occidentalis under Dry treatment there was only a slight
(6%) depression in Amax (p>0.05, n=21, t=test). S. nigra Field study individuals had Amax means
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that were 25% lower than the S. nigra greenhouse Control treatment means and this difference
was statistically significant (p<0.05, n=6, t-test). Inversely, P. occidentalis Field study individuals
had Amax means that were 91% higher than the P. occidentalis greenhouse Control treatment
and this difference was significant (p<0.05, n=15, t-test). The greenhouse Control abiotic
conditions were designed to represent optimum conditions, whereas the Field individuals were
in competition with other plants for space and resources. With this in mind, the significantly
higher Amax for S. nigra Control vs. S. nigra Field seems logical. However, the significantly higher
Amax for P. occidentalis Field vs. P. occidentalis greenhouse Control was not expected. Again
there was no Amax depression for P. occidentalis Dry vs. the Control treatments and the P.
occidentalis Field individuals Amax was significantly higher than P. occidentalis Control, whereas
the S. nigra Control Amax was significantly higher than the S. nigra Field individuals. When
viewed together, these three observations suggest that the P. occidentalis greenhouse
treatments had an unseen health or nutritional limitation.
Free proline concentration data showed no change, for either species, as a response to
the Wet treatment and, as with Amax data, was inconclusive for the Dry treatments. For the S.
nigra Dry treatment the mean free proline concentration increased by 102% (Dry 4.956; Control
2.458 µmols/g) but due to the large variation among individuals this difference was not
statistically significant (p>0.05, n=17, t-test). For the P. occidentalis Dry treatment there was
only a slight (4%) increase in free proline concentration (p>0.05, n=23, t=test). Field individuals
mean free proline concentrations were very similar to the greenhouse Control free proline
means for both species.
Free proline concentration changed for both species in response to spider mite
infestation. In S. nigra, free proline concentration increased 444% in spider mite infested
individuals, compared to the S. nigra Control, and this difference was significant (p<0.05, n=19,
t-test). Inversely, P. occidentalis free proline concentration decreased by 52% in response to
spider mite infestation. This difference barely missed the threshold of significance (p=0.051,
n=18, t-test). The opposite response the two species showed to spider mite infestation, along
with the difference in response to the Dry treatment, may indicate that these two species
utilize proline differently.
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Results of vegetative propagation, by way of stem cuttings of P. occidentalis, varied
between greenhouse and field individuals. Greenhouse stem cuttings received regular watering
and had 100% success rate (n=16). Field stem cuttings received no additional irrigation and had
a 56% success rate. (n=16). Specific leaf area for P. occidentalis was 25% higher than S. nigra in
Field individuals. This difference was significant (p<0.05, n=16, t-test) and may correspond to
the higher Field Amax for S. nigra compared to P. occidentalis, although the difference in Field
Amax was not significant (p>0.05, n=10, t-test). Mean leaf area for P. occidentalis was 77% higher
than S. nigra in greenhouse individuals and 139% higher in the Field individuals. Both
differences were significant (p<0.05, greenhouse n=10, Field n=18, t-test). Although the 25%
higher SLA in P. occidentalis Field individuals suggest a higher carbon content per m2 in S. nigra
leaves, the 139% higher mean leaf area in P. occidentalis Field individuals indicates that overall,
P. occidentalis trees may contribute as much as 33% more carbon than S. nigra trees of similar
size per season. This difference could have implications for soil formation and stream nutrient
input because both are influenced by organic matter deposition.
In summary, although CO2 assimilation data was inconclusive for P. occidentalis
greenhouse treatments, our study has identified aspects of its water use, water tolerance, and
leaf morphology that suggest P. occidentalis may be beneficial for a riparian buffer. Previous
literature has documented the massive potential size and long lifespan of P. occidentalis, and
how those aspects make this species an exceptionally suitable and stable resource for many
larger and longer lived animals. When this information is considered, along with the fact that P.
occidentalis is specifically adapted to root and persist in these dynamic interfaces of land and
water, it is this researchers recommendation that Platanus occidentalis be added alongside S.
nigra for riparian restorations sites that can accommodate a tree of such stature.
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INTEGRATIVE BIOLOGY:

This study assembled concepts and information from a number of different disciplines.
The purpose of this study was to generate physiological information for a riparian tree species
(Platanus occidentalis) in order to determine its potential use in the restoration of buffer zones
of riparian ecosystems. This was done through a comparative study with a species more
commonly used in restoration (also included in this study), Salix nigra. Completion of this study
brought together information from the scientific disciplines of biology, chemistry and physics.
Specific aspects of each species’ morphology, growth, and reproduction were used. An
understanding and measurement of a number of physiological processes were needed, such as
water use, water stress, and photosynthesis (CO2 assimilation). Information from fields of
chemistry (e.g. for measurements of proline levels in leaf tissue) and physics (e.g. light, leaf gas
exchange, whole plant water movement, mechanical and hydrological stability of soil) was
necessary for understanding the interaction of these species with their environment.
This study also assembled concepts and information from different scales.
Measurements were made at the molecular, organ, and organismal level. Measurements of CO2
assimilation were taken to assess species response to water stress treatments. Measurements
of whole plant water use were collected for each species and correlated to atmospheric
measurements and also compared to relative rainfall amounts. These findings were then used
to address community and ecosystem level concerns. The relative water use patterns of the
two species show a difference in the strength of their response to atmospheric moisture (VPD)
and rainfall. S. nigra may have a more negative effect on the water availability to surrounding
vegetation during times of limited rainfall and P. occidentalis may have a more positive effect
on stream bank stability through greater dewatering of soils during times of increased rainfall.
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APPENDIX:

TABLES:

Sap Flux Means (L/dm2/hr)
June

July

August

September

October

Mean (±SD)

Mean (±SD)

Mean (±SD)

Mean (±SD)

Mean (±SD)

Platanus

0.589 (±0.07) 0.320 (±0.06)

0.286 (n/a*)

0.214 (±0.10)

0.144 (±0.07)

Salix

0.533 (±0.04) 0.277 (±0.05)

0.347 (±0.13)

0.327 (±0.13)

0.304 (±0.12)

Table 1: Mean sap flux rates and standard deviations (L/dm2/hr) measured June to October
2013. Values are averages of individual tree means. Individual tree means are calculated from
repeated measures. Because night time sap flux was observed, all recorded values, day and
night, were used to calculate means. Standard deviations are of individual tree means.
(Platanus n=3 except August n=1, Salix n=5).

Sap Flux Between Species Comparisons Mean Daily Peaks L/dm2/hr
June

July

August

September

October

p value

0.551

0.420

n/a*

0.531

0.364

F score

0.448

0.868

n/a*

0.434

0.943

Mean (±SD)

Mean (±SD)

Mean (±SD)

Mean (±SD)

Mean (±SD)

Platanus

5.52 (±0.69)

4.18 (±0.38)

3.11 (n/a*)

1.14 (±0.37)

1.92 (±0.89)

Salix

5.23 (±0.44)

3.59 (±0.68)

3.70 (±1.13)

2.22 (±0.93)

2.18 (±1.06)

Table 2: Mean peak sap flux rates and standard deviations (L/dm2/hr) measured June to
October 2013. Values represent the average of the highest sap flux rate returned for each
tree for every day values were recorded. Standard deviations are of individual tree peak sap
flux means. (Platanus n=3 except August n=1, Salix n=5).

128

Stand Level Daily Water Use (L/day)
June

July

August

September

October

Mean (±SD)

Mean (±SD)

Mean (±SD)

Mean (±SD)

Mean (±SD)

Platanus

98.35 (±9.43)

53.41 (±9.12)

47.80 (n/a*)

35.63 (±14.45)

24.07 (±9.58)

Salix

100.89 (±6.50)

52.54 (±8.03)

65.75 (±20.89)

62.02 (±20.66)

57.50 (±19.33)

Table 3: Stand level water use estimates and standard deviations (L/day). Because night time
sap flux was observed, all recorded values, day and night, were used to calculate stand level
water use. Standard deviations are of individual tree sap flux means for those individuals
measured with TDP system. (Platanus n=3 except August n=1, Salix n=5).

Abiotic Monthly Means
July

August

September

October

Mean (±SD)

Mean (±SD)

Mean (±SD)

Mean (±SD)

VPD Hourly

556.04

571.79

587.34

389.51

VPD Daily Peak

1551.0 (±506.7)

1565.62 (±457.6)

1445.59 (±808.4)

1143.35 (±405.8)

PPFD Hourly

134.67

124.97

102.08

95.57

PPFD Daily Peak

631.31 (±183.7)

599.62 (±172.6)

495.73 (±183.0)

508.34 (±107.5)

Table 4: Mean hourly and daily peak VPD values and standard deviations for daily peaks. VPD
is given in Pa and PPFD in µmols/m2/s. Mean and daily peak values measured July to October
2013. Daily peak values represent the average of the highest VPD or PPFD recorded for each
day monitored. Standard deviations are of daily peaks.
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Sap Flux Correlations

Platanus
r

Salix

p value

OBVs

r

p value

OBVs

Vapor Pressure Deficit 0.680376

<0.001

2787

0.768424

<0.001

3393

Photon Flux Density

<0.001

2787

0.720338

<0.001

3393

0.681237

Table 5: Correlations of sap flux with abiotic factors. Observations represent the number of
sap flux means paired to abiotic factors.

Rainfall Accumulations in mm
June

July

August

September

October

Mean

87.870

127.381

97.762

111.901

83.764

2013

178.816

218.017

114.469

84.751

63.585

Departure

+90.946

+90.636

+16.708

-27.150

-20.179

Table 6: Monthly rainfall totals (mm).

Platanus vs. Salix
p value

n

F score

Light Curves

0.810

10

0.062

Amax

0.48022

10

Free Proline

0.46308

10

Free Proline Adjusted

0.46555

9

Leaf Area / Meter

2.0962E-06

18

Specific Leaf Area

0.000118

16

Table 7a: p values and associated sample sizes for species Field treatment comparisons. The p
value for Light curves is from MANOVAR. Other p values are from t-test.
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Platanus

Salix

Mean (±SD)

n

Mean (±SD)

N

Amax CO2 µmols/m2/s

7.7083 (±2.3389)

6

8.6175 (±0.7298)

4

Free Proline µmols/g

0.0322 (±0.0063)

5

0.0482 (±0.04599)

5

Free Proline Adj. µmols/g

0.0322 (±0.0063)

5

0.0280 (±0.01003)

4

Mean Leaf Area m2/m

0.4116 (±0.086)

9

0.1720 (±0.050)

9

Specific Leaf Area m2/Kg

22.61 (±2.25)

9

16.92 (±1.86)

7

Table 7b: Means, standard deviations and sample size for Field treatments. Units of
measurement are given alongside variables. Standard deviations are of Field individuals.

Light Curves

Platanus

Salix

p value

n

F score

p value

n

F score

Control vs. Dry

0.87

21

0.028

0.28

7

1.468

Control vs. Wet

0.444

21

0.611

0.912

7

0.014

Dry vs. Wet

0.425

24

0.66

0.082

10

3.946

Table 8a: p values and associated sample sizes for within species greenhouse treatment
comparisons of CO2 assimilation light curves. p values and F scores from MANOVAR.

Light Curves

Platanus vs. Salix
p value

n

F score

Control

=0.025

11

6.236

Dry

<0.001

17

54.604

Wet

<0.001

17

29.496

Table 8b: p values and associated sample sizes for between species greenhouse treatment
comparisons of CO2 assimilation light curves. p values and F scores from MANOVAR.
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Amax

Platanus

Salix

Mean (±SD)

n

Mean (±SD)

n

Control

4.04 (±2.2463)

9

11.5

(±1.1314)

2

Dry

3.809 (±2.0227)

12

8.085 (±3.7736)

5

Wet

4.146 (±1.4536)

12

11.083 (±1.7807)

5

Table 9a: Mean Amax, standard deviations (µmols/m2/s), and sample sizes for the greenhouse
treatments. Standard deviations are of treatment individuals.

Amax

Platanus

Platanus vs. Salix

Salix

p value

n

p value

n

p value

n

Control vs. Dry

0.5147

21

0.2087

7

Control

6.269E-06

11

Control vs. Wet

0.3043

21

0.8574

7

Dry

0.04715

17

Dry vs. Wet

0.7201

24

0.0769

10

Wet

1.051E-06

17

Table 9: t-test p values and sample sizes for the greenhouse treatments’ comparisons. Within
species comparisons and between species comparisons are included.

Free proline

Platanus

Salix

Mean (±SD)

n

Mean (±SD)

n

Control

3.0889 (±0.9903)

9

2.4584 (±0.5851)

5

Dry

3.8292 (±1.7756)

14

4.9556 (±3.4027)

12

Wet

3.1528 (±1.9701)

9

2.7268 (±0.2741)

2

Mite

1.4806 (±0.9659)

5

10.923 (±2.5819)

4

Table 10a: Free proline concentration means, standard deviations (µmols/g fresh leaf), and
sample sizes for the greenhouse treatments. Standard deviations are of treatment
individuals.
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Free Proline

Platanus

Platanus vs. Salix

Salix

p value

n

p value

n

p value

n

Control vs. Dry

0.2267

23

0.1151

17

Control

0.1534

14

Control vs. Wet

0.9256

18

0.4631

7

Dry

0.2665

26

Dry vs. Wet

0.3661

23

0.3689

14

Wet

0.7596

11

Control vs. Mite

0.0051

14

1.14E-04

9

Mite

7.81E-05

9

Table 10b: t-test p values and sample sizes for the greenhouse treatments’ comparisons of
free proline concentration. Within species and between species comparisons are included.

Control

Field

Mean (±SD)

n

Mean (±SD)

n

Platanus Amax µmols/m2/s

4.040 (±2.2462)

9

7.7083 (±2.3389)

6

Salix Amax µmols/m2/s

11.50 (±1.1314)

2

8.6175 (±0.7298)

4

Platanus Free Proline µmols/g

3.0889 (±0.9903)

9

3.2253 (±0.7425)

5

Salix Free Proline µmols/g

2.4584 (±0.5851)

5

1.9394 (±0.6949)

4

Table 11a: Means, standard deviations and sample sizes for Field and greenhouse Control
treatments Amax and free proline concentrations. Units of measurement are given alongside
variables. Standard deviations are of treatment individuals.
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Control vs. Field
p value

n

F score

Platanus Light Curves

<0.001

15

54.604

Salix Light Curves

<0.001

6

29.496

Platanus Amax

0.00086

15

Salix Amax

0.01719

6

Platanus Free Proline

0.75877

14

Salix Free Proline

0.47202

9

Table 11b: p values and associated sample sizes of Field to greenhouse Control treatment
comparisons. p values and F scores for Light curves are from MANOVAR. Other p values are
from t-test.
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